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tronic circuit theory. A great deal of the 
material is based on very recent develop- 
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lished in book form. The author of each 
chapter is an expert in the particular 
phase of the subject with which he deals. 
All the contributors are eminent research- 
ers and several are pioneers in the field. 
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tors in linear and digital circuits. Particu- 
lar attention is given to the construction 
of integrated circuits, where the field-ef- 
fect transistor seems destined to play an 
important role. In addition to the theo- 
retical discussion, the authors provide a 
great deal of practical information, such 
as: formulas for the time and temperature 
of oxide growth; equations for device 
performance; experimental information 
on radiation tolerance; transistor proces- 
sing sequence and technology; thin-film 
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....the hope of discovery of a purely electronic, rather than 
thermal, semiconductor amplifier was bolstered by the discovery 
of what might be called an existence theorem, to use a mathe- 
matical term, that such an amplifier was possible, or at least not 
contradictory to the theories of semiconductors and statistical 
mechanics. The particular device...consists of a very thin layer 
of semiconductor placed on an insulating support. This layer of 
semiconductor constitutes one plate of a parallel-plate capacitor, 
the other being a metal plate in close proximity to it. If this 
capacitor is charged, as shown in part (c), with the metal plate 
positive, then the additional charge on the semiconductor will be 
represented by the increased number of electrons. At room tem- 
perature, in germanium, a negligible number of these electrons will 
be bound to the donors.... Consequently, the added electrons 
should be free to move and should contribute to the conductivity 
of the semiconductor. In this way, the conductivity in the semi- 
conductor can be modulated, electronically, by a voltage put on 
the capacitor plate. Since this input signal requires no power if 
the dielectric is perfect, power gain will result. 


W. Shockley, Electrons and Holes in Semiconductors 


Foreword 


While history in the large has a discernible and rational drift, its 
smaller movements often have an aimless character not unlike the random 
excursions of an electron drifting through a lattice in a weak electric field. 
A given point may be repeatedly traversed before it takes its place in an 
“ordered” train of events. The ordering is born of a post hoc logic rather 
than of the detailed chronology of events. 

The early 1930’s saw a literal burst of understanding of the properties 
of semiconductors in the now familiar terms of band theory. The treatises 
by Sommerfeld and Bethe, by Frohlich, and by Wilson, all in the 1930's, 
are still classics in the field. Almost two decades were to pass before 
these early concepts were to seriously invade our technology. 

One of the more elementary conclusions that might have been drawn 
from these works was that the conductivity of a semiconductor could be 
modulated by the application of an electric field to it as one plate of a 
capacitor. The increase or decrease in charge would then represent a 
corresponding increase or decrease in available free carriers. Such a 
proposal or conclusion played no conspicuous role in the scientific 
literature. The patent literature, on the other hand, has at least two 
examples that assert by appeal to experiment the modulation of the 
conductivity of a semiconductor by an applied field. One arrange- 
ment was described by Lilienfeld (1930) and a second by Heil (1934). 
Lilienfeld’s own interpretation shows a clear lack of understanding 
of the mechanism responsible for the modulation. Heil, on the other 
hand, offered no explanation. However, the drawing that accompanies 
Heil’s proposal has a distinctly modern flavor. 

Parenthetically, in time as well as logic, both Schottky (metal- 
semiconductor rectifier) and Mott (space-charge-limited currents in 
insulators) showed that the conductivity of a semiconductor or insulator 
could be modulated by an applied field. But their applied fields were 
collinear with the currents. A third electrode was still needed to adapt 
these effects to the design of solid-state triodes. 
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The next event in this sequence was the publication in the late 1940’s 
by Shockley and Pearson of the modulation of conductivity by the field 
effect. They found, however, that only some ten per cent of the induced 
charge was free to contribute to a change in conductivity. The remainder, 
as pointed out by Bardeen in one of his classic papers, was immobilized 
in surface states. For some years the major impact of this work was to 
provoke an extensive scientific exploration of surface states and their 
dependence on ambients. 

We must recognize here that the early proposals for field-effect 
triodes could readily be expected to yield current and power gains but 
not, necessarily, voltage gains. It remained for Shockley to show ana- 
lytically and for Dacey and Ross to show experimentally that voltage 
gains were, in fact, obtainable owing to the pentode-like characteristics 
of the collector current versus collector voltage. 

Meantime, the publications by Brattain and Bardeen and by Shockley 
on the bipolar transistor overshadowed the field-effect device and 
absorbed most of the technological effort of the next decade. It is only 
recently that a significant effort has been refocused on the field-effect 
transistor. This refocusing has stemmed largely from the work of Weimer 
on cadmium sulphide and of Hofstein and Heiman on silicon. 

It is easy in retrospect to see the ironies of this train of events. First, 
the “existence proof” by Shockley and Pearson that an electric field 
could modulate the conductivity of a semiconductor had already been in 
existence and generally ignored for some twenty years prior to their work. 

Second, by launching the transistor in the direction of a bipolar device 
rather than a unipolar field-effect device, the more difficult and hazardous 
path was chosen. It is by now well-known that the achievement of the 
high purities needed in the bipolar transistor to yield their long free-pair 
lifetimes was an almost unique accomplishment in that it was confined to 
germanium and silicon. In none of the many compound materials explored 
have pair lifetimes even approaching 100 microseconds been attained. 
The field-effect device, by contrast, does not depend upon free pairs and 
hence can make use of a wide variety of materials far less refined than 
transistor-quality germanium and silicon. Moreover, the achievements of 
high grid (gate) impedance and a linear voltage response both come 
naturally and easily to the field-effect triode. Their realization in the 
bipolar transistor is a far more difficult task. 

The other face of this ironic coin is that the exceptional degree of 
purity and control required for the bipolar transistor seeded a revolution 
in the scientific effort to explore the electronic properties of semi- 
conductors. The idealized models on which physical theory thrives 
were actually fabricated thanks to the painstaking efforts of chemists 
and metallurgists. It is perhaps no exaggeration to suggest that if chance 
had favored the field-effect transistor over the bipolar transistor, the 
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flowering of the science of the solid state would have been postponed by 
a good decade. 

Now that attention has been refocused on the field-effect transistor, 
one can reasonably hope that the science of semiconductor-insulator 
interfaces and of thin insulating films will enjoy a comparable prosperity 
and will help to fertilize a host of allied fields. 


ALBERT ROSE 


Editors’ Preface 


It is the purpose of this book to assist physicists, device engineers, 
and applications engineers interested in field-effect transistors by present- 
ing all essential information on the field-effect transistor in one place and 
in easily accessible form. This broad coverage is particularly desirable 
since the building of integrated circuits, in which field-effect transistors 
appear destined to play an important role, requires the collaboration of 
many different groups of specialists, each with a need to understand the 
problems of the others. 

An attempt has been made to cover all important aspects related to 
the field-effect transistor, whether it be surface physics, device fabri- 
cation, or electronic circuit theory. Thus, the basic developments in under- 
standing and technology, which gave rise to the rapid advances in this 
area, are discussed as well as the limitations imposed by physical pro- 
cesses. This enables the reader to make an independent judgement of 
the evaluation and utilization of this device. Because the insulated-gate 
field-effect transistor holds promise of greater versatility than the junc- 
tion-gate field-effect transistor, most of the book is devoted to the former. 
In some cases the junction-gate construction is advantageous and a brief 
treatment of it is included. Much of the text is applicable to both. 

In the development of field-effect transistors, particularly in the 
various forms of insulated-gate devices, scientists of the RCA Labora- 
tories have played a leading role. It is natural that this first book on the 
subject should be put together by a team of scientists from RCA. 

An effort has been made to make the book easily understood. The 
newspaper technique of three easy steps has been used: first a short 
summarizing story, then a more complete one, and finally the details of 
treatment in depth. A short section called “Terminology” is planned 
to be helpful to the reader making his first acquaintance with field-effect 
devices. The first chapter, “Introduction to Field-Effect Transistors,” 
gives a brief but fairly complete summary of the field. The following 
eleven chapters each treat, in depth, one aspect of field-effect transistors. 
These discussions range from the physics of semiconductor surfaces 
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and insulators to the growth of oxide films, and through many device 
considerations to the use of field-effect transistors in electronics including 
integrated circuits. 

In addition to the pertinent references at the end of each chapter, a 
chronological bibliography on field-effect transistors is included at the 
end of the book. A notable feature not often found in books is a section 
of this bibliography devoted to the patent literature of field-effect tran- 
sistors. This will be valuable to research-and-development groups 
concerned with new versions of the device or its applications, or to those 
interested in tracing the history of the device. The editors are grateful 
to Leroy Greenspan of RCA Laboratories for this bibliography. 

The reader will find that the book stresses explanations, techniques 
and examples rather than specific instructions of how to build a specific 
circuit with a specific transistor. There are three reasons for this. The 
writers believe that information developed in the understanding of the 
topic has a greater long lasting utility. Second, only a few commercial 
insulated-gate transistors are currently available and even these can be 
expected to be displaced by devices with improved characteristics. 
Finally, the increasing role of integrated circuits demands that the 
transistor and circuit be designed and constructed together. 

The timeliness of this book has been enhanced by the inclusion 
of very recent developments. This has been made possible through the 
cooperation of many individuals and institutions. To their colleagues in 
the Radio Corporation of America the authors are grateful for many 
fruitful discussions and helpful suggestions as well as the many technical 
contributions acknowledged in the references. Some of the work on 
insulated-gate transistors stems from RCA Laboratories work supported 
in part by the U.S. Air Force Cambridge Research Laboratories, the 
U.S. Air Force Wright-Patterson Aeronautical Systems Div., and the 
U.S. Army Ft. Monmouth Signal Laboratory. Figures 9-23, 9-24, 9-25, 
9-27, and 9-28 are reprinted with the permission of the publisher from 
the 1964 Digest of Technical Papers, International Solid-State Circuits 
Conference. Figures 9-6, 9-10, 9-12, 9-13, 9-30, 9-31, and 9-32 are 
reprinted from the Proceedings of the IEEE. Permission for the re- 
duction of other figures was graciously given by Academic Press (Physics 
of Thin Films), RCA Review, and Journal of Applied Physics. 

The authors and editors are grateful to the Radio Corporation of 
America for the use of facilities at Princeton, Somerville, and Ziirich 
in the preparation of the manuscript and to Chalmers Institute of 
Technology at Gothenburg. 

J. TORKEL WALLMARK 
HARWICK JOHNSON 
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Common Symbols 
Constants 


voltage gain; also area 

ratio of electron-to-hole mobility; at 
room temperature, germanium, 2.05; 
silicon, 2.81 


drain capacitance 
gate capacitance 
capacitance between gate and drain 


capacitance between gate and 
source 

capacitance per unit area across the 
insulator. Also input capacitance 


total semiconductor surface capaci- 
tance per unit area 

semiconductor space-charge layer 
capacitance per unit area 


channel depth (perpendicular to 
current and surface; z-direction) See 
Figs. | and 2 


thickness of the insulator 
energy at the conduction-band edge 
energy at the Fermi level 


Fermi level for an intrinsic semi- 
conductor 


energy of trap (or recombination) 
center 


energy at the valence-band edge 
frequency 
transconductance 


and 


surface conductance 

Planck’s constant = 6.62 x 10-™ 
J sec (joule sec) 

= h/2az = 1.05 x 10-J sec 

drain current 

drain current at zero gate voltage 
gate current 

source current 

Boltzmann's constant = 1.38 x 10-™ 
J/°K (joule/K°) 

channel length (in direction of 
current; x-direction). See Figs. | and 
2 (in some cases, such as high- 
frequency considerations, — the 
effective channel length is only that 
part of the distance from source to 
drain covered by the gate) 


mass of the electron, 9.11 x 10“ kg 
effective mass of electrons; silicon, 
m*/m = 1.10; germanium, m*/m = 
0.55 

effective mass of holes; silicon, 
mx/m = 0.57; germanium, m/m = 
0.37 

density of electrons 

density of electrons in the bulk 
density of acceptors 

density of states in conduction band 
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COMMON SYMBOLS AND CONSTANTS 


density of donors 
intrinsic density at room tempera- 
ture of electrons (holes) silicon, 1.4 
x 10"; germanium, 2.4 x 10" 
density of electrons at the surface 
density of states in valence band 
density of holes 
density of holes in the bulk 
density of holes at the surface 
magnitude of the charge of the elec- 
tron = 1.60 x 10~' coulomb 
load resistance 
absolute temperature 
normalized electrostatic potential, 
GolkT 
normalized electrostatic potential 
with respect to bulk 
thermal velocity 
germanium: 
electrons 6.5 10° cm/sec, 
reached at 3000 v/cm 
holes 6 x 10° cm/sec, reached 
at 9000 v/cm 
silicon: 
electrons 8.5 x 10° cm/sec, 
reached at 15,000 v/cm 
holes 5 x 10° cm/sec, reached 
at 20,000 v/cm 
drain voltage (with respect to source) 
gate voltage (with respect to source) 
pinch-off voltage (gate voltage at 
which drain current starts to flow) 
source voltage. Also potential at the 
surface with respect to bulk 
channel width (perpendicular to 
current, parallel to surface; y-direc- 
tion). See Fig. | 
direction parallel to current, parallel 
to surface, see Fig. | 


y 


z 


Mn 


direction normal to current, parallel 
to surface, see Fig. | 


direction normal to current, normal 
to surface, see Fig. | 

permittivity of the insulator 
permittivity of the semiconductor 
permittivity of free space = 8.85 
10-" F/m 

dielectric constant = €/€,; silicon, 
12; germanium, 16; vacuum evapo- 
rated SiO, 5.0; SiO, thermally 
grown in dry O,, 3.8; SiO, thermally 
grown in steam, 4.5; 


Debye length 
Debye length in the insulator 


mobility of holes, in pure material 
at room temperature; 
silicon, 480 cm*V“'sec™! 
germanium, 1900 cm*V~'sec™! 
mobility of electrons, in pure 
material at room temperature; 
silicon, 1350 cm*V~'sec™' 
germanium, 3900 cm*V~'sec™' 


charge density 

conductivity 

bulk conductivity 

capture cross section for holes 
capture cross section for electrons 
surface conductivity 


dielectric relaxation time of the 
semiconductor 


macroscopic electrostatic potential 
in the semiconductor 


bulk macroscopic 
potential 

surface macroscopic electrostatic 
potential 

electron affinity of semiconductor 
angular frequency = 27f 


electrostatic 


Terminology 


Transistors may be divided into two classes, i.e., bipolar transistors 
(conventional) and unipolar transistors. In bipolar transistors both 
positive and negative free carriers take part in the functioning of the 
device; hence the term bipolar. Thus, in bipolar devices the charge of 
excess minority carriers injected into the base region is compensated by 
an equal charge of majority carriers so that electrical neutrality in the base 
region is maintained. On the other hand, in unipolar devices the current is 
carried only by the free majority carriers in the conducting channel and no 
essential role is played by the small number of minority carriers; hence 
the term unipolar. Charge neutrality is not necessarily maintained in the 
channel itself, but charge balance prevails over a larger region including 
the adjacent control electrodes. 

The field-effect transistor is a type of unipolar device in which the 
number of carriers available to carry current in the conducting region is 
controlled by application of an electric field to the surface (or junction 
interface) of the semiconductor. In the field-effect transistor, Fig. 1, 
electrons flow from a source, consisting of an ohmic contact, through a 
conducting channel of semiconductor material to a drain, also consisting 
of an ohmic contact. The channel has a /ength in the direction of the 
current (from drain to source), a width perpendicular to the current and 
parallel to the surface, and a depth perpendicular to the current and 
perpendicular to the surface. The conductivity of the channel can be 
influenced by charge ona gate which may have either of two forms. In the 
insulated gate transistor, the gate is one electrode of a capacitor which is 
separated by a thin insulator from the channel which forms the other 
electrode of the capacitor. Positive charge on the gate induces an equal 
amount of negative charge in the channel, enhancing its conductivity. 
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Negative charge on the gate detracts an equal amount of negative charge 
from the channel, reducing its conductivity. In the junction gate tran- 
sistor, the gate is a layer of semiconductor of a conductivity type (p-type) 
opposite to that of the channel (-type). The junction gate is reverse 
biased with respect to the channel forming an insulating depletion layer 
which encroaches upon the conducting channel, effectively limiting its 
dimensions. A more negative voltage on the gate will further reduce the 
channel, reducing its conductance; a less negative voltage will let the 
channel expand, increasing its conductance. At a particular voltage, the 
pinch-off voltage, the channel conductance is ideally reduced to zero. 

The device may be constructed by two alternatives so that the 
conductance of the channel is high when the gate voltage is equal to the 
source voltage. First, the substrate material may have high conductivity 
as in Fig. 1. Second, the substrate may have low conductivity, but a 


INSULATED 
GATE 


CHANNEL 
(CONDUCTING) DEPLETION 
LAYER 


DEPLETION LAYER 
(INSULATING) 


JUNCTION GATE 


Figure 1. Schematic drawing of a depletion field-effect transistor. The 
principle of operation is illustrated by an insulated gate at the top and by 
a junction gate at the bottom of the structure. 


conducting channel may be created by building in a positive charge in, 
or on the insulator or at the interface. Then the gate may be run negative 
to deplete the conductance of the channel—depletion-type transistor. 
This can be done with both the insulated gate and the junction gate. The 
insulated gate may even be run positive in depletion units, enhancing the 
initially high conductance still further. A depletion-type transistor is 
shown schematically in Fig. 1, equipped with both an insulated gate 
(on top) and a junction gate (on bottom). 

If the device is constructed so that the conductance of the channel is 
low when the gate voltage is equal to the source voltage (ground), the gate 
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is usually run positive in order to enhance the current of useful levels — 
enhancement-type transistor. In practice, this can be done only with the 
insulated gate; the junction gate would draw a large current because it 
would be biased in the forward direction, leading to a different and less 
desirable mode of operation, unijunction device. An enhancement-type 
transistor is shown schematically in Fig. 2, equipped with both an 
insulated gate (on top) and a junction gate (on bottom). 
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Figure 2. Schematic drawing of an enhancement field-effect transistor. The 
principle of operation is illustrated by an insulated gate at the top and by a 
junction gate at the bottom of the structure. 


Instead of electrons, holes may be substituted in this description, 
provided that the polarities of the voltages and charge carriers are reversed 
at the same time. 


Introduction to 
Field-Effect Transistors 


J. Torkel Wallmark 


This introduction presents the material of the book in a condensed 
form, free of mathematics and technical details. It is intended to fill two 
functions. First, it ties together and sets into proper perspective the 
various parts of the book. Second, it presents the highlights of the subject 
to those readers who are not at the moment interested in the full details. 

The field-effect transistor has a long history, much longer than that of 
the conventional bipolar transistor. Some of the early attempts by 
J. Lilienfeld and O. Heil are referenced in the bibliography.' Of partic- 
ular interest is a patent by Heil? from which Fig. 1-1 has been borrowed. 

The light area marked 3 in Fig. 1-1 is 
described as a thin layer of a semiconductor wy 
such as tellurium, iodine, cuprous oxide, or 
vanadium pentoxide; 1 and 2 designate ohmic 7 
contacts to the semiconductor. A thin metallic 
layer marked 6, immediately adjacent to but 
insulated from the semiconductor layer, serves 
as control electrode. Heil describes how a Fi 

: igure 1-1. Drawing from 
signal on the control electrode modulates the British patent 439,457, inven- 
resistance of the semiconductor layer so that tor: O. Heil. 
an amplified signal may be observed by means 
of the current meter, marked 5. In modern terminology, one might describe 
this device as a unipolar field-effect transistor with insulated gate. 

| 
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2 INTRODUCTION TO FIELD-EFFECT TRANSISTORS 


In 1952 Shockley*® described a unipolar field-effect transistor with a 
control electrode consisting of a reverse-biased junction, as shown in 
Fig. 1-2. Such transistors were subsequently built and tested by Dacey 
and Ross‘ who also added an analytical treatment of the performance 
limits of such devices in 1955. A summary of this work is found in the 
last part of Chapter 5. Until recently, however, the field-effect transistor 
remained in the laboratory stage of development. 
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Figure 1-2. Schematic diagram of a unipolar field-effect transistor 
according to Shockley. 


Three factors have contributed to make the unipolar field-effect 
transistor emerge from its previous obscurity. First, the understanding 
of semiconductor physics and the related advance of semiconductor 
technology now make it possible to fabricate devices with predictable 
performance. Features of this physical understanding which are partic- 
ular to field-effect transistors and not usually found in textbooks are 
treated in Chapters 2-4. Second, there are new technological features, 
such as the insulated-gate construction and fabrication by evaporation 
described in Chapter 9, and particularly the insulated-gate construction 
on silicon (Fig. 1-3) described in Chapter 8. The third factor is the 
very considerable extent to which transistorization of electronic equip- 
ment has now progressed. In this situation it becomes increasingly 
annoying to find a number of functions where the bipolar transistor falls 
far short of devices such as electron tubes, making complete transistoriza- 
tion impractical or uneconomical. Therefore, a need has arisen for a 
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transistor with the characteristics of the field-effect transistor to comple- 
ment the bipolar transistor in particular applications, such as described 
in Chapters 10-12. 


SOURCE GATE DRAIN 


Figure 1-3. Schematic diagram of an insulated-gate field-effect 
transistor. 


1-1 ACTIVE DEVICE CHARACTERISTICS 
1. Input impedance 


The most obvious feature of the field-effect transistor is its high input 
impedance. The saturation current drawn by the reverse-biased gate of 
a germanium field-effect transistor with typical resistivity and dimen- 
sions is about 1a, corresponding to an input resistance of the order of 
1 megohm at the operating point at room temperature. For a silicon 
transistor, the current is about 10? times smaller and the input resistance 
is, consequently, about 10° ohms at room temperature. The saturation 
current increases by about one order of magnitude for a rise in tempera- 
ture of 30-50°C. Therefore, when appreciable power is dissipated or the 
cooling is insufficient, the input resistance may decrease. In contrast, the 
insulated-gate field-effect transistor has a gate input resistance of 10° 
to 10 ohms. The latter value is so high that when a charge is deposited 
on the gate, it takes at least several days to detect the leakage of charge 
by observing the change in current on the output side. The physics under- 
lying this high input resistance is given in Chapter 3. 

Associated with the junction gate is an input capacitance which has 
a value of 20-100 pf at a transconductance of 1000-3000 umhos for 
such field-effect transistors now commercially available. This capaci- 
tance can be made considerably smaller for the insulated gate than for 
a reverse-biased junction, and it is typically 1-5 pf for the same trans- 
conductance. A breakdown of the factors that contribute to this capaci- 
tance is obtained from the equivalent circuit for such a transistor shown in 
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Fig. 1-4. The capacitances in the stem between leads and the contact 
areas amount to about 0.4 pf. In the device itself, the capacitance 
between drain and gate (feedback capacitance) is less than 0.1 pf while 


GATE 0.3 pF 300 & DRAIN 
O O 


SUBSTRATE 


O 
SOURCE 


Figure 1-4. Equivalent circuit of an experimental insulated-gate field- 
effect transistor. 


the gate-to-source capacitance is about 3 pf fora device with a transcon- 
ductance of 1500 pmhos. A detailed treatment of the gate capacitance 
is found in Chapter 2; the drain capacitance is covered in Chapter 5 


2. Current voltage characteristics 


Current-voltage characteristics obtained on a curve tracer for four 
different field-effect transistors are shown in Fig. 1-5: (a) a silicon 
junction device; (b) a silicon insulated-gate depletion type; (c) an evapo- 
rated cadmium sulfide device; and (d) a silicon insulated-gate enhance- 
ment type. For comparison, all devices were operated with positive and 
negative drain voltage and with positive and negative gate voltage, 
although the junction input device is not designed for the dual mode of 
operation. When the gate has no bias (V, = 0) transistors (a) and (b) 
draw a large drain current, while transistors (c) and (d) draw negligible 
current, typically less than lua. When the gate is biased positively, 
transistor (a) quickly saturates at the same time that the gate resistance 
becomes very low. In Fig. 1-5, this results in an apparent voltage 
offset at J, = 0, because of the construction of the curve tracer. When 
V, is negative, the point at which the gate becomes forward biased shows 
as a break where the slope of the curve changes abruptly. The decre- 
ments in drain current for increments in negative gate voltage decrease 
rapidly in case (a), which may also be expressed as a transconductance 
that varies strongly with gate bias. In cases (b), (c), and (d) the decre- 
ments in drain current for the same increments in gate voltage are uni- 
form over a large range; in other words, the transconductance is nearly 
constant over a large range of current. The design theory for obtain- 
ing various characteristics is given in Chapter 5. 
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Figure 1-5. Curve-tracer pictures of drain current vs. voltage with gate 
voltage as parameter for several field-effect transistors: (a) silicon, junction 
gate; (b) silicon, insulated gate, depletion mode; (c) cadmium sulfide, 
insulated gate, enhancement mode; and (d) silicon, insulated gate, enhance- 
ment mode. 


3. Frequency response 


The frequency response of field-effect transistors has been analyzed by 
Dacey and Ross,* who concluded that the response would be limited 
in germanium by the fact that the carrier mobility saturates beginning at 
a critical field of about 10°v/cm. Higher fields would require such exces- 
sive power dissipation that it would be difficult to remove the generated 
heat. A comparison, based on this finding, between field-effect transistors 
and bipolar transistors was made by Early® and indicated a superiority 
in frequency response of the bipolar transistor over the field-effect 
transistor by a factor of ten. However, a later analysis by Rose® has indi- 
cated that the same physical phenomenon, the dielectric relaxation time of 
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the material between the emitter and the control, limits the frequency 
response of all solid-state triodes— bipolar, field-effect transistors, field- 
emission triodes, and space-charge limited triodes. If, instead of the 
critical velocity, the thermal velocity is accepted as an upper limit 
to the velocity of the carriers in field-effect transistors, the frequency re- 
sponse is indeed the same for bipolar transistors and the field-effect 
transistors. In Chapter 5 the factors that limit the frequency response will 
be investigated. Practical figures are given in Chapter 8. 

Figure 1-6 shows the transconductance versus the total gate capaci- 
tance with source and drain grounded for a number of commercial. 
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Figure 1-6. Transconductance vs. total gate capacitance for field-effect 
transistors. The dashed lines connect selections of commercial units from 
the same group. The vertical bars represent the manufacturer’s tolerance 
limits. (A) indicates experimental silicon insulated-gate units; (B) indicates 
experimental cadmium-sulfide insulated-gate unit. 


field-effect transistors. For good high frequency performance, the tran- 
sistor should be located in the upper left-hand corner of Fig. 1-6. Also 
shown are values for insulated-gate field-effect transistors. (A) denotes 
silicon units, which have a higher frequency response than the other 
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field-effect transistors which all have junction input; and (B) denotes 
laboratory results for evaporated cadmium sulfide units. The difference 
in frequency response reflects the fact that carrier mobility in cadmium 
sulfide is lower than in silicon. 

The insulated-gate field-effect transistor exhibits a higher trans- 
conductance-to-capacitance ratio than junction-input types because it is 
easier to fabricate a short gate with the insulated-gate technology than 
with junction-gate technology. Because the field-effect transistor is a 
majority-carrier device, it does not exhibit carrier storage in switching 
applications. The switching speed is determined entirely by the RC time 
constant of the gate capacitance charging through the channel resistance. 
With a low impedance driver, switching times as low as a fraction of a 
nanosecond have been observed, but for one field-effect unit driving 
another, switching times of 10-20 nsec are more realistic. An analysis 
of the switching behavior is given in Chapter 12. 


4. Bilateral symmetry, offset voltage 


Many field-effect transistors are at the present time made symmetrical 
with source and drain interchangeable. Bipolar transistors can also 
be made symmetrical but not without a sacrifice in performance. It is 
believed that the same will prove true for the field-effect transistor. 
For example, the source series resistance gives a strong negative feed- 
back and also contributes to the noise of the unit far more than the drain 
series resistance. It is therefore advantageous to offset the gate towards 
the source electrode, gaining performance but sacrificing symmetry. 

In contrast to bipolar transis- 
tors, the field-effect transistor has 
no voltage offset. Figure 1-7 shows 


the central portion of the current- 2 

voltage characteristics greatly 

magnified. For both positive and aa 
-4 


negative voltages sufficiently small 
compared to the pinch-off voltage, 
the curves are approximately 
linear. The resistance values 
obtained range from a minimum 
of 1/g, (i.e., about a few hundred 
ohms) to the resistance of a reverse- 
biased junction (the drain junction) 
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Figure 1-7. Curve-tracer picture of drain 


of about a few hundred megohms. 
The absence of a voltage offset and 
the symmetry are particularly 


current vs. drain voltage with gate voltage as 
parameter for low drain voltages. 


useful in chopper applications as described in Chapter 10. 


8 INTRODUCTION TO FIELD-EFFECT TRANSISTORS SEC. 1-1 
5. Radiation tolerance 


Because the field-effect transistors are majority-carrier devices, 
lifetime degradation is immaterial, and these transistors may therefore 
be expected to tolerate higher radiation doses than bipolar transistors. 
Dosages up to a value where either mobility or doping level changes are 
tolerable. These are generally more than ten times the dose for which 
lifetime begins to deteriorate. It is found that field-effect transistors of 
silicon tolerate about three hundred times higher radiation dosages than 
bipolar transistors of comparable dimensions. Bipolar transistors are 
made radiation-immune by the use of semiconductor material in which 
the lifetime is initially very short, and by making the base region very 
narrow. However, the same method may be adapted to field-effect 
transistors if material with initially low mobility and high doping level 
is used. Therefore, it seems probable that the potential advantage of 
about 100-1000 times in radiation tolerance will remain. A more detailed 
treatment is found in Chapter 7. 


6. Noise behavior 


While the main noise source in bipolar transistors is the shot noise 
connected with the flow of minority carriers, the main source of noise 
in field-effect transistors is the thermal noise in the output resistance. 
At low frequencies, 1/f noise occurs. In field-effect transistors with 
junction input, the 1/f noise is greater than the thermal noise below about 
100 cps. In insulated-gate transistors the 1/f noise is, as yet, quite large, 
and it exceeds thermal noise at frequencies as high as several mc/sec. 
Whether or not this may be improved in the future is not yet known. At 
high frequencies, the channel-to-gate feedback capacitance causes ther- 
mal noise to be fed back to the gate and be amplified. In the source end 
of the channel, a source resistance constitutes an unbypassed resistance, 
the thermal noise of which appears in the input and becomes amplified. 
Since a resistance in the drain lead does not have this disadvantage, 
it may be desirable to offset the gate toward the source. If the gate 
insulation is defective, the corresponding leakage current through the 
oxide gives rise to very strong noise. Also, leakage current from drain to 
source through, on the surface of, or outside the semiconductor gives 
noise. 

The noise figure of a field-effect transistor is only a few tenths of 1 
db at moderate frequencies and with sufficiently high input resistance, 
e.g., 3 megohms. As asimple rule of thumb summarizing the noise perform- 
ance, the field-effect transistor gives the best signal-to-noise ratio when 
the signal impedance is high (> 10* ohms), but the bipolar transistor 
gives the best signal-to-noise ratio when the signal impedance is low 
(< 10%). . 
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The noise performance of the field-effect transistor is important 
enough to warrant a separate treatment which is found in Chapter 6. 


7. Choice of semiconductor material 


Another consequence of majority-carrier conduction is the large 
number of semiconductor materials which are potentially useful for 
field-effect transistors but not for bipolar transistors. This is borne 
out by Table 1-1, which shows the semiconductors that have been used 


Table 1-1 Semiconductors Potentially Useful for Field-Effect Transistors 


Designation Type of 
(periodic table) semiconductor 


I-V Cs3Sb* 


I-VI Cu,Ot 
II-IV Mg,Sn* 
Mg,Si* 


CdSt 
CdTe* 
II-VI ZnOF 
ZnSt 
CdSet 


GaAs* tt 
GaSb* 
GaP*t 
IlI-V AISb* 
InSb* 
InP*¢ 
InAs* 
Ge*tt 
[s *tt 


SiC*t 


IV 


PbS*t 
PbSe* 
PbTe* 
TiO,t 
V-VI Bi,Te,* 


IV-VIl 


VI Te* 


VI-VII NiOt 
*Junction formation possible. 
+Resistivity sufficient for unipolar transistors. 
+Semiconductors with lifetime sufficient for bipolar transistors. 
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for bipolar transistors (marked ¢) as well as some of the common semi- 
conductors that are potentially useful for field-effect transistors. The 
conditions for usefulness are either (1) that both p- and n-type materials 
can be made, so that a channel can be properly isolated from the bulk 
or from the gate (marked *), or (2) that the resistivity can be made 
sufficiently high to prevent an induced channel on the surface from being 
shunted by conduction through the bulk (marked +). The Shockley-type 
field-effect transistor is an example which requires the first condition, 
while the insulated-gate field-effect transistor is an example which requires 
the second. While very few semiconductor materials are, at the present 
time, useful for bipolar transistors, the opposite is true of field-effect 
transistors. Therefore, to make transistors for special purposes requiring 
a particular semiconductor, it will frequently be necessary to resort to 
field-effect structures. 

Consider, for example, the necessity for using wide-bandgap materials 
such as silicon carbide or gallium arsenide in transistors for high- 
temperature operation. Or consider the fabrication of transistors by 
evaporation or plating, in which case the short lifetime in the semi- 
conductor may not permit bipolar principles to be used. A final example is 
that the use of the thin-film structure may permit fabrication of high- 
frequency performance transistors from semiconductors with extremely 
high mobility, such as InSb or InAs, without the need for a reduction of 
dimensions. 

One factor that has not been discussed, although of central importance 
in insulated-gate field-effect transistors, is the surface. Whether all the 
listed semiconductors can be given a surface sufficiently free of traps for 
satisfactory transistor performance is not yet known. 


8. Thermal stability 


The temperature dependence of the characteristics of field-effect 
transistors is related to the majority carrier mobility. For silicon in the 
resistivity range used for field-effect transistors, the mobility is propor- 
tional to the (absolute temperature) *” characteristic of lattice scattering. 
This relation is shown in Fig. 1-8 as a dashed line. The same figure 
shows curves of g, versus temperature taken from data sheets for four 
different makes of silicon field-effect transistors which, within the accu- 
racy of the data, all fall on this line. The same temperature dependence is 
obtained for the current at constant voltages. Figure 1-8 also shows 
data for a thin-film transistor of evaporated cadmium sulfide. In this case 
the temperature dependence is much larger, and the temperature coeffi- 
cient is positive instead of negative. The evaporated cadmium sulfide 
layer is known to consist of many small crystallites with a large number 
of defects and grain boundaries. Therefore, there are large numbers of 
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surface states to induce bending of the bands which may result in a 
surface channel charge which increases with temperature. In addition 
to lattice scattering, there may be a considerable amount of surface 
and defect scattering having a different temperature dependence. 

In the case of the silicon insulated-gate field-effect transistor also 
shown in Fig. 1-8, the temperature dependence is very small. This is 
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Figure 1-8. Transconductance vs. temperature for (a) silicon, 
junction gate, (b) silicon, insulated gate, and (c) cadmium sulfide, 
insulated gate. 


ascribed to a fortuitous balance of effects with opposite temperature 
dependence, namely, the lattice scattering with negative temperature 
coefficient, and induced channel charge density and surface scattering 
with positive temperature coefficient. If this is so, it should be possible 
to accomplish an even closer balance for specific purposes, perhaps 
to the point where active devices may be obtained with the same small 
temperature coefficient that usually characterizes passive components, 
i.e., a few hundred parts per million per degree centigrade. 

Another aspect of thermal stability is freedom from thermal runaway 
in field-effect transistors. In bipolar transistors the collector current 
increases with increasing temperature to the point where thermal run- 
away takes place and the transistor is destroyed. This is particularly 
troublesome in power transistors. In field-effect transistors (although 
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at the present time not in thin-film transistors), the current decreases 
with increasing temperature, reducing the dissipated power and prevent- 
ing thermal runaway. 


9. Remote cutoff 


One of the major drawbacks of transistors compared to electron tubes 
has been the difficulty of constructing the transistor equivalent of variable- 
fe tubes needed in applications requiring automatic gain control. The 
performance of conventional transistors in such circuits has been poor, 
resulting in severe cross modulation in which the signal is modulated 
by other unwanted signals adjacent in frequency. Here, the field-effect 
transistor excels with a performance rivaling that of electron tubes, 
as described in Chapter | 1. 


1-2 CHARACTERISTICS OF FIELD-EFFECT TRANSISTORS IN 
INTEGRATED CIRCUITS 


10. Geometrical considerations 


Bipolar transistors are difficult to incorporate into integrated circuits, 
partly because the current flow is perpendicular to the surface while 
the preferred circuit construction is in the plane of the surface, and partly 
' because the carrier lifetime must be maintained. In contrast, the field- 
effect transistor is naturally a plane surface device with no requirement on 
carrier lifetime and which can be easily used in integrated circuits. An 
integrated circuit using sixteen field-effect transistors is shown in Fig. 1-9. 


Figure 1-9. Integrated circuit 
using four rows of intercon- 
nected field-effect transistors. 
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The transistors are aligned in four rows of four each with one source (or 
drain) in common for each neighboring pair of units. The interconnections 
are deposited on the surface of the silicon wafer and are insulated from 
the active parts by an oxide layer. Another attractive feature of the field- 
effect transistor in this application is that a transistor is, in effect, a 
resistor and may with advantage be used as such in circuits. Such 
“resistors” are highly nonlinear, a characteristic that is usually advanta- 
geous in digital circuits. More detailed considerations are found in 
Chapters 8 and 9. 


11. Digital circuit features 


Another feature useful in digital circuits is the fact that an enhance- 
ment-type field-effect transistor is in itself an inverter. Figure 1-10a 
shows a transistor stage with a /ow input (no or negligible current flowing 


+10 
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Figure 1-10. Field-effect transistor inverter circuit (a) with 
“off’- and (b) with ‘‘on’’-signal at the input. 


through the device) and, therefore, a high output. With a high input, 
as shown in Fig. 1-10b, considerable drain current flows and the output 
is low. The voltages are identical -V 
and of the same polarity, so that 
direct coupling may be used. 
A unique circuit that uses 
pairs of field-effect transistors 
with complementary symmetry 
and makes logic possible without 


drawing current except during vy Vout 
switching is shown in Fig. 1-11. ie I 
When the input potential is high, te om 


the top unit is cut off and the 

output potential is high. When 

the input is low, the bottom unit +V 

a cut off and the output is low. Figure 1-11. Electronic switch with single- 
In neither position does the pair pole, double-throw action, which dissipates 
draw current since one unit in __ negligible power except when switched. 
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the series chain is always cut off. Only in the transition between states is 
current drawn. Digital circuit applications are found in Chapter 12. 


3. Application of redundancy 


In large integrated circuits, the larger the circuit the more and more 
attractive the use of redundancy becomes. One of the simplest ways to 
introduce redundancy is through the use of series-parallel four-groups, as 
shown in Fig. 1-12a. Each element is replaced by a group of four identi- 


Figure 1-12. (a) Redundant four-group, and (b) redundant four-group 
with gate resistors. 


cal elements, and the four-group performs the intended circuit function 
even if one, two, or even three of the elements in the group become 
faulty. With conventional bipolar transistors, such four-groups are not 
very efficient because a short circuit between input and output allows 
current flow between adjacent four-groups and interferes with the func- 
tioning of the redundancy. With field-effect transistors, however, 
redundancy in the form of four-groups is quite effective. Because of the 
high input resistance, there can be introduced in the gate lead a resistor 
large enough to protect against excessive current and, at the same time, 
small enough not to reduce the speed of the circuit appreciably. A typical 
value may be 10* ohms. A redundant circuit of this type is shown in Fig. 
1-12b. 


4. Multiple units 


Special advantages may be obtained if the functions of two or more 
units are combined in a manner analogous to that in which special advan- 
tages were obtained in electron tubes by the introduction of more than one 
grid. Figure 1-13 shows a simple combination of two series-connected 
units which reduces the feedback capacitance. Just as extra grids in 
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electron tubes offer better performance and lower cost than the use of 
multiple units, so the combination of two or more field-effect units in 
one structure may be cheaper and better than the use of several separate 


units. 
+ 
OUT 


Figure 1-13. Field-effect transistor cascode. 


IN 
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Of special interest is the combination of a bipolar and a field-effect 
transistor. In this unit, shown in Fig. 1-14, the extra field-effect electrode 
controls the surface potential of the base region and thereby the surface 
recombination velocity. When the field-electrode potential is positive, 
the surface potential is also posi- 


tive and the surface recombina- BASE EMITTER CONTROL 
tion is consequently high. The | 
base bias current is therefore 


YAS [a 


used up for recombination of YY WaikscQWwWwh 
injected carriers under the field 
electrode and little is left for 4, 


biasing the emitter. Hence the 
injected current is low. On the COLLECTOR 

other hand, when the field- 

electrode potential is negative Figure 1-14, Semiconductor tetrode using 
with respect to the base, the 7?” "@nsistor. 

surface recombination is low 

and all the base bias current is available for injecting carriers from the 
emitter. Then the current transfer ratio is high. 

The tetrode combines the advantages of a bipolar and a field-effect 
transistor. However, the device requires that the bipolar characteristics 
and the field-effect characteristics be controlled at the same time on the 
same unit. 
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Semiconductor Surface 
Physics 


Karl H. Zaininger 


2-1 INTRODUCTION AND HISTORICAL REVIEW 
1. Ideal and actual surfaces; surface states 


In the derivation of the band theory of solids, a perfect crystal is 
assumed. This implies that the crystal is of infinite extent in all directions. 
The effects of imperfections are taken into account as perturbations on the 
results obtained for the perfect crvstal. An imperfection is defined as 
any cause of a disturbance in the perfect periodicity of the potential 
inside a solid. Such imperfections introduce localized electronic energy 
states which can be either in an allowed or a forbidden band. 

A real crystal is finite and this makes the surface an unavoidable 
imperfection. There is some ambiguity as to what is meant by the surface 
of a solid. One can define the surface in the manner of Gibbsian thermo- 
dynamics as a dividing plane between two bulk phases. Surface quantities 
are then defined as the excess over the value characteristic of the bulk, 
and are always given per unit area. In reality, however, the surface must 
generally be considered as a region because the mutual interaction of the 
two phases is not localized in a plane. The surface, in this sense, is that 
region in which a given property departs from the value characteristic 
of the bulk. Depending on the material and the nature of the interactions, 
this surface region can vary considerably in extent. In practice, both of 
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these definitions are used and one must be careful to realize which one is 
implied. 

Surfaces may be classified as ideal or actual surfaces. An ideal surface 
is a planar surface obtained, in principle, by cleaving a crystal in perfect 
vacuum along a perfect plane, and assuming that the surface atoms are 
still at the exact positions they had before cleaving. These ideal surfaces 
are normally the starting point for theoretical investigations. Actual 
surfaces are those which can, in practice, be obtained in the laboratory. 
They fall into three different groups: 


1. Atomically clean surfaces are produced by high-vacuum techniques 
involving methods such as surface sputtering by ion bombardment, surface 
evaporation by high-temperature heating, field desorption and field evapo- 
ration, chemical reduction at elevated temperatures, and cleavage. These 
surfaces differ from the ideal in several respects, including the fact that they 
are not completely planar. However, they are essentially free of all ad- 
sorbed materials and must be maintained in an ultrahigh vacuum for 
physical measurements. 


2. Real surfaces are prepared by various device fabrication techniques 
involving chemical etching and/or other ‘‘magical’’ and mostly proprietary 
prescriptions. They are normally covered with residual chemicals and 
gases adsorbed from the ambient. 


3. Solid-solid interfaces are formed when two solids are brought into contact. 
The interface is defined as the region containing the surface regions in 
both phases. 


A major imperfection, such as the surface, will manifest itself in local- 
ized electronic energy states. Since these states are localized at the 
surface, they are called surface states. 


2. Development of the theory of surface states 


Stationary electronic states within the forbidden energy gap, located 
at the boundary of an otherwise perfect crystal, and due to the termina- 
tion of the periodic potential within the solid, were predicted originally 
by Tamm.! In 1939 Shockley? found the conditions under which these 
surface states are occupied in a normal crystal, and Pollard’ presented an 
argument for surface levels associated with adsorbed atoms. The modern 
theory of surface states in semiconductors, and especially its application 
to metal-semiconductor contacts, is due to Bardeen* who postulated the 
presence of large densities of surface states on germanium and silicon to 
explain why metal-semiconductor contacts are almost independent of 
bulk properties. 
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Since the now famous field-effect experiment of Shockley and Pear- 
son’ supplied experimental evidence for the existence of surface states, 
many theoretical and experimental investigations have been carried out 
to gain increased understanding of the properties associated with these 
states. The discovery of transistor action by Bardeen and Brattain® gave 
more impetus to intensive surface studies. Very rapid and spectacular 
advances were achieved and, by 1955, the basic picture of a germanium 
surface had emerged. This was described by Garrett and Brattain’ and a 
review of germanium surface phenomena was given by Kingston.’ This 
picture was subject to further refinement and the additional work has 
resulted in a great increase in the fundamental knowledge and understand- 
ing of semiconductor surface physics.°-!4 An extensive treatment of the 
entire subject of semiconductor surfaces, including a discussion of all 
pertinent experimental results, has recently been published."® 

This chapter reviews the physics of semiconductor surfaces with partic- 
ular emphasis on the electrical aspects which are needed for an under- 
standing of the field-effect transistor. It is sufficiently detailed so that 
effects which influence frequency response, hysteresis, and distortion 
may be understood. In particular, illuminating results from MOS 
capacitance measurements!**¢ are included. 


2-2 THE SEMICONDUCTOR SURFACE IN THE ABSENCE OF 
SURFACE STATES 


1. Statement of assumptions 


Several surface systems may be considered depending on the material 
adjacent to the semiconductor surface, e.g., the gas or vacuum-semi- 
conductor system, the metal-semiconductor system,?” 28 the insulator- 
semiconductor system, or the metal-insulator (oxide)-semiconductor 
(MOS) system. This chapter is restricted to the gas-semiconductor and 
the MOS systems. 

In the subsequent discussion the following assumptions are made 
unless specified otherwise: 


1. The temperature is room temperature, so that all shallow donors and 
acceptors are ionized. 


2. The semiconductor is nondegenerate, so that the edge of the bands never 
get closer than about 2kT to the Fermi level, and Maxwell-Boltzmann 
statistics can be applied. 


3. The donor and acceptor concentrations in the semiconductor are uniform 
and constant throughout, up to the interface. 
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4. There is no trapped charge other than ionized donors or acceptors within 
the semiconductor space charge region. 


5. The crystal is semi-infinite, homogeneous, and in thermal equilibrium. 
The surface is represented by a plane z= 0 and the bulk is at positive 
values of z. Surface conditions are uniform in planes normal to z. 


2. Carrier densities and band model for a semiconductor surface 


The concentrations of free electrons, n, and of free holes, p, in the 
semiconductor bulk in thermal equilibrium are given by the following 


expressions: 
ra= Neo EE pRT = ne (Ep—-E kT = njewelkr (2-1) 


and 
p= N,etEo-Ervat = nei -E pk? = nye alk? (2-2) 


From this one can obtain the product of the electron and hole densities: 
np >= n? = NN ,e7 Ee Ew kT (2-3) 


which is constant for a given temperature, and where the macroscopict 
electrostatic potential, @, in the semiconductor is defined by: 


qo =(E;— Ev) (2-4) 


Here n; is the free electron (or hole) density in an intrinsic semiconductor, 
N, and N,. are the effective densities of states in the conduction and 
valence bands, respectively, g is the magnitude of the electronic charge, 
E.. is the conduction band energy, E, the valence band energy, FE; the 
energy at the Fermi level, and E; the Fermi energy for intrinsic material. 
E; is given by Eq. (2-7). Figure 2-1 shows an energy band diagram 
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Figure 2-1. Energy-level diagram indicating the various 

parameters used to characterize the surface. 
indicating the various energy levels. Notice that the reference for the 
electrostatic potential, @, has arbitrarily been chosen to be that of the 
Fermi level. 


+The periodic fluctuations around the neighborhood of atoms and ions are neglected. 


SEC. 2-2 SEMICONDUCTOR SURFACE PHYSICS 21 


The effective densities of states for silicon and germanium at room 
temperature are: 
m* h 3/2 _3 
Ney = 2.5 X 1o0(es cm (2-5) 
where m,*/m = 0.55 in germanium and 1.10 in silicon and m#*/m = 0.37 
in germanium and 0.57 in silicon. 
The Fermi energy, E;, for an intrinsic material where 


n=p=n; and E,=E; (2-6) 
is: 


1 1 N, —_— 3 mr 
E, = 3(E. — E,) + 2kT1n WN.) XE, — E,) + #kTIn mt (2-7) 
c e 
This intrinsic level is slightly displaced from the middle of the forbidden 
gap due to the difference between the effective masses of holes and elec- 
trons. 

In the bulk of the material, far from the surface, the energy bands are 
assumed to be flat. The value of the electrostatic potential in this region 
is called the bulk potential, ¢,. It can be used to express the free carrier 
densities in the bulk as: 


and 


The bulk densities n, and py, or ¢» (and thereby the Fermi level, Ey) are 
determined by the doping of the material. The electrostatic potential at 
the surface is called the surface potentialt and is designated by ds. The 
free carrier densities at the surface are given by: 


ny = n,e%s kT — npeX®s — bp )/kT (2-10) 
and 


Ds = nje~2es/kT — Dye EPs Po ver (2-11) 


The potential, with respect to bulk potential, at any point in the semi- 
conductor, is given by: 


V=6-¢ (2-12) 


tIn many cases, especially in electrochemistry, the bulk potential is used as reference. 
In that case the surface potential becomes identical with the surface barrier, defined in 
Eq. (2~13). 
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and the surface barrier is defined by: 


Vi= bs — bp (2-13) 


It will prove convenient to define the dimensionless potentials, 
u and v, by the equations: 


_ 2-14 
4 kT oD) 

and 
v= kT (2-15) 


The electron and hole densities at every point can then be expressed as: 
n= ne“ = ne” (2-16) 
and 
p=ne "= pe’ (2-17) 


The value and polarity of the surface potential, ¢,, and the surface 
barrier, V,, are convenient means of classifying the surface conditions. 
If ¢, > 0, the surface is n-type, and if ¢, < 0, the surface is p-type. In 
practice, the surface condition is designated as one of the following: 


1. When an enhancement of majority carriers exists at the surface, one 
speaks of an enhancement or accumulation layer. This condition exists 
if V, < 0 for p-type and V, > 0 for n-type material. 


2. When V, = 0, the energy band is flat out to the surface. This is called the 
flat band condition. 


3. When some of the majority carriers have been repelled from the surface 
and ionized (donor or acceptor) impurities are uncompensated, a depletion 
layer has been formed. This condition exists if the sign of V, is opposite 
to that of ¢, and |V,| < |2¢,]. 


4. When the minority carrier density at the surface equals or exceeds the 
majority carrier bulk density, an inversion layer is obtained. For this 
condition the sign of V, is opposite to that of ¢, and |V,| = |2¢,|. The band 
pictures illustrating these surface layers are given in Fig. 2-2. 
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Figure 2-2. Energy level diagram for p-type semi- 
conductor (a) with accumulation layer, and (b) with 
inversion layer and depletion region. 


3. Surface space charge; shape and extent of surface space charge region 


The electrostatic potential, ¢, within the crystal is related to the charge 
density, p, in the crystal through Poisson’s equation which, in one 
dimension, is: 

d*(z) — _ p®) (2~18) 
dz Es 
where e, is the permittivity of the semiconductor, and the charge density, 
p, is given by the algebraic sum of fixed and mobile charge densities: 


p=qNp— Natp—n) (2-19) 


N,4 and N> are the acceptor and donor densities, respectively, and n and 
p are given by Eqs. (2-1) and (2-2), or Eqs. (2-16) and (2-17). 

In the bulk of the sample, where ¢ = @,, charge neutrality must exist, 
and: 


No—Na=Ny— Po (2-20) 
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By the use of Eqs. (2-16) and (2-17) this can be expressed as: 
Np — Ng = 2n; sinh uy, (2-21) 
Also, in general, for any value of u, the following expression holds: 
n— p=2n; sinh u (2-22) 
Poisson’s equation takes the form: 


2 
os = se(sinh u— sinh up) (2~23) 


where A, the Debye length of the semiconductor based on the intrinsic 
concentration n;, is defined as: 


1/2 


The complicated nature of Eq. (2-23) is due to the mutual inter- 
dependence of carrier density on potential through Boltzmann’s relation 
on the one hand, and of potential on carrier density (charge) through 
Poisson’s equation on the other. This equation, in physical terms, 
requires that the electrostatic potential produce, through Boltzmann’s 
relation, just such a total charge density, p, that this charge density, 
when used in Poisson’s equation, in turn produces ¢. The boundary 
condition at the surface (z= 0) is u=u, and in the bulk (7 &), u= up. 


Equation (2-23) may be integrated to give the electric field, & , as: 


kT 
G=+ v2 (ar) [(upy — u) sinh uw, — (cosh uw, — cosh u)]1” (2-25) 


t 


The plus sign is to be used for u < u, and the minus sign for u > u,. The 
value of the electric field at the surface is obtained by letting u = u,. This 
results in: 


6,=+ (=) F (ug, Uy) (2-26) 


+The literature concerning integration of Poisson’s equation in semiconductors is volu- 
minous and has been reviewed by McDonald.”* References 7, 15, and 29 to 35, among others, 
contain useful graphs of space charge, electric field, and change in free carrier concentration 
for a semiconductor surface as a function of the surface potential and space-charge layer 
width. 
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where: 
FU,, Uy) = V2[(up —u,) sinh uw, — (cosh uw, — cosh u,) |"? (2-27) 


A plot of the function F(u,, uy) for values of u, between — 24 and +24, 
and of u, between 0 and 24 is shown in Fig. 2-3. 
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Figure 2-3. F(u,, u,) vs. us for various values of u, (after 
Young"). 


To determine the total charge per unit surface area, Q,,, let u = u, and 
use Gauss’ law to get: 


O.c(Us) = €s 6 (us) oe co) F (Ug, Up) (2-28) 


where C, = e,/A; represents an “effective”? semiconductor surface capaci- 
tance per unit area. A plot of Q,, vs. V, for p-type silicon with N, = 1014 
cm? is shown in Fig. 2-4. 

These general equations (which apply to both n- and p-type) take on 
more meaningful forms if expressed in terms of the effective Debye 


length: 
L = €,kT \ 
qn» + Pr) (2-29) 
It is this length, rather than A;, which characterizes the width of the space- 
charge region. 
If an inversion layer is present at the surface, it is convenient to 
express the electric field at the surface in a somewhat different way. 
For p-type material: 


1/2 
es eee _ 


q Min, - Ny) M,- Dy) Mw, —Np) 
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where the A’s are the Debye lengths [see Eq. (2-24)] based on the 
concentrations indicated by their subscripts. 

The first term in Eq. (2-30) 
represents the contribution to 
the surface field of the n-type in- 
version layer and the third term 
that of the fixed lattice charge, 
Np — Ng, in the depletion region. 
The second term corrects for the 
fact that the edge of the depletion 
region is not abrupt but extends 
approximately one Debye length 
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condition: , SURFACE TaARRIES: oe 


nN, = nye’s > Pp (2-31) 


Figure 2-4. Surface space-charge Q,. aS a 
function of the surface barrier V, for p-type 
silicon. Acceptor concentration N,=1 x 10" 


the surface field is simply: 


é. =[n(2)P ne 
Es 


For high surface potentials, there are so many mobile electrons in the 
inversion layer that the field at the surface is determined essentially by 
these electrons. Under the same assumption, Eq. (2-31), the total 
mobile charge in this inversion layer is given by: 


Osei = — €5 é, a [2kTe,n,] 2 = — 2X, qns (2-33) 


where \, is a Debye length based on the concentration a,. It can be 
shown that half of the total charge, Q,,;, 18 actually located within a 
distance Zn, of the surface. 

For sufficiently intense electric fields at the surface, the bands at 
the semiconductor surface may be bent to the extent that degeneracy 
may exist. The field necessary to cause the onset of degeneracy, és, 
may be found from Eq. (2-32). If nf is the electron density at the surface 
at the onset of degeneracy (about 3 < 10!° cm“? for silicon), then: 


+7 1/2 
Gl = |=" ~5x19-~ (2-34) 
cm 


s €, 


The electric field in the SiO, required to produce this situation is approxi- 
mately 1.5 x 10° V/cm, if no surface states are present. 
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To obtain the shape of the potential and the extent of the space-charge 
region in the semiconductor surface, we rewrite Eq. (2-25) as: 


Mf 12 


oe —_du _ 2-35 
di | . Faw 


Integration of Eq. (2-35) results in 
the desired relationship between u 
and z in the form of a relation 


POTENTIAL, u 
bo @ 


between the dimensionless quan- -8 
tities ah, and u. For intrinsic ee 
material (u, = 0) the integration can DISTANCE FROM SURFACE, z/); 


be carried out explicitly; for all .. ; ; 

: ; Figure 2-5. Normalized electrostatic poten- 
other cases numerical calculations tial vs. distance from the surface for 
must be performed. Typical results  pormalized surface potential uv, = + 12 and 
are shown in Fig. 2-5. various bulk potentials u,. 


4. Surface space-charge capacitance 


Since the net charge in the semiconductor surface changes with varia- 
tions in the potential across the surface layer, one can associate a differen- 
tial capacitance, C,., with the semiconductor surface. This capacitance 
per unit area is defined as: 


_ dQ 5c 


dF (us, up) 
sc dV, 


© du, 


= CG (2-36) 


where Q,, is the net charge in the space-charge layer and C, is the effective 
semiconductor capacitance per unit area. A plot of this surface space- 
charge capacitance, normalized with respect to C,, versus the normalized 
surface barrier height, v,, for various bulk potentials is shown in Fig. 2-6. 

Equation (2-36) represents a differential capacitance which we can 
measure by superimposing a small a-c voltage upon the applied d-c bias. 
The measured capacitance may decrease as the frequency of the test 
signal increases, since the charge in the space-charge layer cannot 
change instantaneously. 

For depletion or accumulation layers, the charge fluctuations are 
produced by a flow of majority carriers through the bulk of the semi- 
conductor, and they will follow the applied voltage signal as long as: 


— >—t=7, (2-37) 


where o, is the semiconductor bulk conductivity, and 7, is the dielectric 
relaxation time of the semiconductor. For silicon with a bulk conduc- 
tivity of a, = 0.1 (ohm-cm)~', 7, = 107'' sec, and it is clear that for all 
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frequencies of practical concern the majority carriers will respond imme- 
diately. 

For inversion layers the time constant is much longer, typically 
0.01-1 sec, and it is further described in Section 2-5. 
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Figure 2-6. Relative surface space-charge capacitance 
vs. surface barrier with bulk potential, u,, as running 
parameter. C, is 4.24 x 10°! f cm™ for silicon and 
9.36 X 10° f£.cm™~ for germanium. The following rela- 
tions hold for silicon: 


w= 0 n= 1.4 X 10!’ cm 
uw= 5 n=2.1 X 10% cm 
uy, = 10 n= 3.1 X 10% cm 
Uy = 15 n= 4.6 X 10'§cm-3 
Uy = 20 n= 6.8 X 1018 cm-3 


For negative values of u,, the hole concentration is given 
by the corresponding numbers. 


The general expression for the surface space-charge capacitance, 
Eq. (2-36), takes on specific and somewhat simpler forms for various 
conditions of barrier height. For p-type material with p, > n, these forms 
are: 

1. The accumulation-layer capacitance: 


Csca = z (2) e~%s/2 (2-38) 
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2. The flat-band capacitance: 


see eh fee. 
Cscp = Vals) (2-39) 


3. The Schottky depletion-layer capacitance: 


l (2) 1/2 
= —(—]v, (2-40) 
Csca > Np 
4. The inversion layer capacitance: 
el | No &s 06/2 
Csi = >" Po ({) es (2-41) 
if the minority carriers reach equilibrium, and approximately 
» —1f€s\ -ap 
C" sci = 3(*) Us (2-42) 


if they do not. Analogous expressions can be derived for n-type material. 


5. Surface conductance 


The conductivity of a semiconductor, assuming a one-dimensional 
geometry, is given by: 
o(2) = q[n(Z)n(Z) + P(Z) Mp2) ] (2-43) 


where y,(z) and y,(z) are the electron and hole mobilities, respectively, 
and n(z) and p(z) are given by Eqs. (2-1) and (2-2), or (2-16) and (2-17). 
Deep inside the bulk, the mobilities and carrier densities become constant 
and the bulk conductivity is given by: 


Tp = Q(Npen + Poly) (2-44) 


At the surface a more complicated situation arises due to the fact that 
usually V, # 0. First, the carrier densities change to the values dictated 
by Eqs. (2-10) and (2-11). Second, for large (positive or negative) 
surface barriers, a potential well exists for one or the other type of 
carrier and, under certain circumstances, this can reduce the mobility 
at the surface. The case of a reduced surface mobility in an inversion 
layer will be discussed in Section 2-5. 

The concept of surface conductance becomes important in field-effect 
devices in which charge flows parallel to the surface. Any change in the 
conductance of a bar of semiconductor due to a surface layer is a function 
of the surface barrier height, V,, and for its evaluation it is convenient to 
introduce the concept of surface excesses,’ defined as the additional 
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number of free carriers per unit area of surface due to the presence of 
the surface barrier. In the simple case of equilibrium one may write for 
these excesses: 


0 Vy Os Vy _ 
an={ n—n d= { (n-—n (sr)av =— | ay (2-45 
i ( ») : o) aV g ) 


0 


and 


° Ys pD—Pp 
ap= | (— py) de =—| é -dV (2-46) 
ee 0 


The change in conductance of a bar of semiconductor, due to the surface 
barrier, is called the surface conductance and is given by: 


85 = Q(upAP + p, AN) (2-47) 


where it is assumed that the carrier mobilities in the space-charge layer 
are the same as those in the bulk. The units of g, are those of conductance 
(mhos), since the conductance associated with a unit (square) area of sur- 
face is independent of the size of the square. The surface conductance 
g; as a function of the dimensionless barrier height v, is plotted in Fig. 2-7 
for n-type, p-type, and intrinsic germanium at 300°K. 
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Figure 2-7. Surface conductance vs. v, for various bulk resis- 
tivities: curve 1, 15 ohm-cm, n-type; curve 2, intrinsic; curve 3, 


10 ohm-cm, p-type. 
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This surface conductance is in parallel with the conductance of the 
sample under flat-band conditions, characterized by the appropriate 
bulk parameters. Equations (2-45), (2-46), and (2-47) give the surface 
conductance as a unique function of the surface barrier. On the other 
hand, if the surface conductance can be measured, its value may be used 
to deduce the corresponding value of the surface barrier height. If the 
mobilities of the excess carriers are independent of the surface barrier 
and assumed to be equal to the bulk values, then g, is a particularly con- 
venient quantity for determining the surface barrier. However, if the 
surface mobilities differ from those characteristic of the bulk, then the 
surface conductance has to be used with caution. 

Surfaces in either the accumulation or inversion regime exhibit 
a high surface conductance, due to the large number of majority or 
minority carriers, respectively. The surface conductance characterizing 
a surface depletion layer is smaller and passes through a minimum value, 
&s min, Where very few excess free carriers are present in the space-charge 
region. 

The surface conductance is zero when: 


AN = AP=0 (2-48) 
and when: 
AP =— (4) AN (2-49) 
Ep 
The minimum value of surface conductance occurs when: 
O(AP) _ (Ha AON) ) (2-50) 
Us Mp dus 


The exact value of v,min of the surface barrier height at which this 
minimum occurs can be evaluated from Eas. (2-45) and (2-46): 


= qv min Mn 
yo se AEs min ~ _ 9, — Jy (Mn (2-51) 
Us min kT 2Uy in( #2) 


if itis assumed that v, > 0. 


2-3 THE SEMICONDUCTOR SURFACE IN THE PRESENCE OF 
SURFACE STATES 


1. General discussion of surface states and their experimental observation 


The termination of the perfect periodicity of the crystal potential 
at a surface introduces localized allowed energy states, some of which 
may be in the forbidden gap. However, atomically clean surfaces 
normally do not exist because gases or other impurities are adsorbed by 
the dangling or unsaturated bonds at the surface, and the surface has 
oxidized. The term, oxide, is taken here to mean any sort of composite 
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layer or structure that has grown onto the bulk material by virtue of 
interaction with the ambient. It is reasonable to expect states in the 
forbidden gap due to these adsorbed atoms, because the transition 
between the bulk and the oxide is also a disturbance of the periodicity 
of the lattice. The distribution and properties of these bound states 
are known to be a sensitive function of the chemical and mechanical 
treatment of the surface, and of the gaseous or liquid environment to 
which it is exposed. 

Many experiments’ indicate that there are two classes of surface 
states. States of the first class are called slow surface states because 
they exchange charge very slowly with the bulk material. The time con- 
stants of charge exchange range from a few seconds to months. These 
states are intimately associated with the surface chemistry and with 
the oxide film that is almost always present on a germanium or silicon 
surface. They are strongly affected by the ambient and were historically 
thought to be situated at the outside surface of the impurity layer on the 
semiconductor. The large value of the time constant was thought to be 
associated with the time taken by the electrons to penetrate the layer. 
The density of these states appears to depend on the adsorption equili- 
brium with the ambient, and is not a constant of the surface except in 
ultrahigh vacuum. These states are of great importance in device 
technology because they largely determine the surface potential by 
pinning the Fermi level at the surface trap level. 

States of the second class are called fast surface states because they 
exchange charge with the bulk material with time constants ranging 
from milliseconds to microseconds or less. These fast states are thought 
to exist at or near the interface between the semiconductor and the oxide, 
and they are relatively unaffected by the atmospheric ambient. They are 
the states mainly responsible for the generation and recombination of 
electrons and holes at the surface. 


2. Probability of occupation of surface states 


The occupancy of surface states, as well as bulk impurity levels, 
is governed by Fermi-Dirac statistics. However, spin degeneracy has to 
be taken into account’ and the probability of a trap site at energy E, 
being occupied is given by: 


be ee (2-52) 
HEd 1+ gexp (E;— E,-/kT) 


where g = 3 for acceptors and g = 2 for donors. 
tIf calculations are carried out with the usual distribution function (i.e., g = 1), then 
E, does not represent the actual energy of the trap level, but is related to the actual level, 


Euct, BY E,y= Ege: + kT In g. Since In 2= 0.7, the error introduced is smaller than AT and is 
often neglected. 
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At equilibrium, the surface potential will adjust itself in such a way 
that the surface traps are filled in accordance with Eq. (2-52), and 
over-all charge neutrality exists. That is, the surface potential is such that 
it produces the necessary charge in the space-charge layer to just neutral- 
ize the charge in surface states. If Q,, is the total charge in surface states, 
then, with no applied voltage: 


Ors eg Osc =0 (2-53) 
An example of such an arrangement is shown in Fig. 2-8 for the case of 
an n-type semiconductor and surface states which are neutral when not 
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Figure 2-8. Band picture for semiconductor sur- 
face with surface states that are neutral when 
empty. 


3. Surface state capacitance 


There is a differential capacitance, C,,, associated with change of 
charge in surface states. It is defined by : 


a a (2-54) 
ss av, 
The total surface capacitance is given by: 
dQOr 
C, = FA = Ca oF Cus (2-55) 


where QO, = Q,, + Qs. is the total charge at the semiconductor surface. 
Thus, the semiconductor surface capacitance is a parallel combination 
of space-charge and surface-state capacitance. 


34 SEMICONDUCTOR SURFACE PHYSICS SEC. 2-3 
4. Physics of trapping carriers at a surface 


The frequency response of surface states can be obtained by a detailed 
investigation of carrier trapping at the surface. It has been shown*® that 
if traps and recombination centers are located in the oxide adjacent 
to the semiconductor, the mean time before a trap is filled, called the 
response time of a trap, T-, depends on the number of available charge 
carriers at the surface and is not an inherent property of the trap site. 
A complete description of a trap is given by its capture cross section, 
o, its energy level, E;,, and its distance from the interface, z;. The trap 
time-constant for a single trap level (or surface-state time-constant) 
based on a tunneling model is given by: 


e2k ot 


= (2-56) 
Te 20(O Ns + TPs) 


where 7@ is the thermal velocity (assumed equal for electrons and holes), 
o, is the capture cross section for electrons, a, is that for holes, and 
k, is defined by the following relation: 


k= (74) ( W- E.) (2-57) 


Here m* is the effective mass, and W is the height of the potential energy 
barrier at the surface (see Fig. 2~9). 
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Figure 2-9. Trapping site imbedded in the insulator. 
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5. Frequency response of surface states 


The frequency response, f, of a monoenergetic trap level localized 
at the interface when the level is intersected by the Fermi level is ad- 
equately described by the dimensionless function: 


f(w) = a Ne (2-58) 


V1 + (@7,)" 


which represents the fraction of trapped electrons that can follow an 
applied signal of angular frequency w. The phase delay associated with 
this frequency factor will add a resistive component to the surface-state 
capacitance, but this has been omitted here. For the case of surface 
States spatially distributed through the oxide, the frequency response 
is complicated. See Eq. (2-69) and the discussion in Section 2-4.3. 


2-4 THE SEMICONDUCTOR-INSULATOR INTERFACE 


1. Definition and description of the MOS capacitor 


An MOS capacitor is a structure consisting of an n- type or p-type 
semiconductor covered by a thin film (50A < d; < 10,000A) of insulating 
material (normally oxide) with a metal electrodet on top of the insulator. 
It will be assumed that the film 
is perfectly insulating (no tunnel 
or space-charge-limited current 
flow) and is characterized by a 
certain trap distribution. A 
schematic representation of 
such a device is shown in Fig. 


We Wj Uy 
2-10. 


In a device such as this, the 


trap states located at the outside Figure 2-10. Schematic representation of an 
of the oxide (historically termed MOS capacitor. 

the slow surface states) are so 

distant from the semiconductor that carriers cannot tunnel there, and one 
should have only fast states. However, experiments show that charge 
transfer characterized by time constants similar to those of slow states is 
taking place at the interface. This indicates that there are states within the 
oxide which can electronically interact with the semiconductor surface. 
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+The metal electrode is often referred to as the gate to conform with MOS transistor 
terminology. 
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The usual distinction between fast and slow states is not applicable in the 
case of an MOS structure because all ranges of response time can be 
expected. It is best so simply speak of surface states including the effect of 
traps and charge in the oxide. 

If the insulating film is produced by oxidation of the semiconductor 
under rigorously controlled conditions, the density of what are normally 
called the fast surface states is substantially reduced. The electronic 
properties of the semiconductor surface become sensitive to the defect 
structure of the oxide, as is the case with a properly prepared Si-SiO, 
structure. Hence, the (silicon) surface potential is dependent upon im- 
perfection sites in the oxide. The response time of the oxide-semicon- 
ductor interaction may be quite long. 


2. Energy band diagram for an MOS capacitor 


The band picture applicable when an external voltage, V,, is applied 
to an MOS capacitor is shown in Fig. 2-11. The following relationship 
between the various potentials can be obtained by inspection of Fig. 2-11: 


Va = bin + Vi- xt Ve— Ve (2-59) 


where: V,, =total applied voltage across the MOS capacitor, ie., 

potential of the metal electrode with respect to the bulk of 
the semiconductor; 

¢m = work function of the metal; 

V; = voltage across the oxide film; 

x = electron affinity of the semiconductor; and 

V.= electrostatic potential difference between Fermi level 

and conduction band. 
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Figure 2-11. Band picture applicable to MOS structures with 
an applied voltage V,. It is assumed that the semiconductor is 
n-type and that an accumulation layer has been formed at the 
interface. However, the voltage equation derived from this 
picture, i.e., Eq. (2-59), is generally applicable. 
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For convenience it is assumed that there is no contact potential between 
the metal and the semiconductor. A finite contact-potential difference 
may be absorbed in an effective applied voltage, V, without changing 
the essential features of the discussion. Thus: 


V =Va— bm txXxt+V.=Vit+V, (2-60) 


The assumption that the surface states are uniformly distributed 
spatially in the oxide means that charge resides not only at the two inter- 
faces involved, but also in the oxide near these interfaces to varying 
depths, depending on the carrier concentration in the metal and semi- 
conductor, respectively. There will be a voltage drop on the order of 
a few kT/q in the oxide due to these charges. This drop is negligible in 
most cases compared to the over-all oxide voltage; for the purpose of 
voltage calculations, the charges can be assumed to be located at the inter- 
face, and the electric field in the oxide may be considered uniform. 

This uniform field approximation is valid only in two limiting cases, 
determined by the ratio of oxide thickness to the extent of the space- 
charge regions in the oxide. These space-charge regions exist both at 
the metal-SiO, and Si-SiO, interfaces. If this ratio is very large compared 
to unity, the two space-charge regions are widely separated and the field 
in the oxide is uniform over most of the oxide. There is a departure from 
uniformity only over the two relatively small space-charge regions. 
If the ratio is much smaller than unity, the two space-charge regions 
overlap appreciably. The integrated space charge in the oxide can be 
neglected with respect to the surface charge either in the metal or in the 
semiconductor. Thus, the field will be essentially uniform throughout 
the oxide. In the intermediate case, in which this ratio is of the order of 
unity, the assumption of uniform field is not valid. In this chapter, we 
are concerned with the first limiting case, i.e., with an oxide which is 
quite wide compared to the extent of the two space-charge regions. 


3. MOS capacitance 


If a voltage is applied across the device, the electric field terminates 
on two different kinds of charges: the charge in the semiconductor space- 
charge region, given by Eq. (2-28); and charge in the surface States, given 


by: 
0.5 = ON 
where N,, is the density of occupied surface states per unit interface 


area for the particular value of @, (and V,,). 
The total charge, Q,, per unit area at the semiconductor is: 


Or = Ose + Ors (2-62) 
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and it is equal and opposite in sign to the charge, Q,,,, on the metal plate. 
If it is assumed that all the charge in the oxide is close to the semiconduc- 
tor, or, more specifically, that the oxide thickness is large compared to the 
Debye length in the oxide, the electric field within the oxide is constant 
and has the magnitude V;/d;, where d, is the oxide thickness. Therefore, 
by Gauss law: 


On| = Or = CW; (2-63) 


where C; = ¢;/d; is the oxide capacitance per unit area. 
The total capacitance per unit area of the MOS structure is: 


= $21 — c(1- 38 (2-64) 
C= av c(1 oV 


or, using Eqs. (2-55), (2-62), (2-64), and C; = dQ;,/dV;: 


CiC; 


O= 66. 


(2-65) 


The total capacitance corresponds to a series combination of the oxide 
and the surface capacitance. 

Equation (2-64) is a very instructive way of expressing the MOS 
capacitance because one can see immediately that the differential capaci- 
tance of an MOS structure will deviate from the oxide capacitance only 
to the extent that the surface potential can follow the applied signal. 
Neglecting the influence of surface states, one sees that if a heavy accumu- 
lation or inversion layer is present, the change in surface space charge 
called for by a change in applied voltage, 5V, can be accomplished 
through a small change in surface potential, 5¢,. For this case, 56,/5V = 0 
and essentially the oxide capacitance is measured. On the other hand, the 
presence of a significant depletion region causes the change in surface 
potential, 5¢,, to be very close to 6V since a small change in surface space 
charge accompanies the applied signal. Therefore, 5¢,/5V < 1, and the 
measured capacitance is small compared to the oxide capacitance. The 
presence of surface states which are capable of following the applied 
signal will always lower the value of 5¢, required to produce a change in 
total semiconductor space charge and hence raise the capacitance of 
the MOS capacitor. 

Since the oxide capacitance is constant and assumed to be frequency 
independent, the frequency dependence of the MOS capacitance is 
completely determined by the frequency dependence of the semicon- 
ductor surface capacitance. Different physical mechanisms determine 
the variation with frequency of C,, and C,;. For C,, in the accumulation 
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and depletion layer region, the necessary charge fluctuations are brought 
about by majority carrier flow through the bulk of the semiconductor. 
The response is characterized by the dielectric relaxation time (see Sec- 
tion 2-2.4). For C,, in the inversion regime, there are several sources 
which can supply the minority carriers required to change the charge 
in the inversion layer: an electron bulk diffusion current from the reverse- 
biased depletion region; a volume-generated current within the depletion 
region; and a surface-generated current directly related to the surface 
States at the insulator-semiconductor interface. The surface state capaci- 
tance, on the other hand, depends upon transitions of electrons and 
holes between the surface states and the bulk. This is essentially a two- 
step process in that there is an exchange between the surface states and 
the conduction or valence bands at the interface, and an exchange through 
the accumulation or depletion layers between the interface and the bulk. 
The time constants characteristic of these processes depend on many 
parameters and can be considerable. 

The complete functional form, including frequency dependence of 
the over-all capacitance, can be obtained if we rewrite the voltage across 
the device as: 


V=VitV, = Vogt Veet V; (2-66) 
where 
V — Q, = qN ss 2 67 
ss 7 C; C; ¢ ao ) 
and 
Veg = Ge (2-68) 


are the voltage equivalents of Q,, and Qs-. From Eqs. (2-28) and (2-68), 
Vs- and dV,./0V, are explicit functions of $s, provided that the frequency 
is low enough so that the semiconductor is in thermal equilibrium. 

The situation with V,, is more complex and depends on the distribution 
of the surface states with respect to energy and position in the oxide, 
Kz, E,). It can be shown** that, in general, for a tunneling model 


aV. 2 fa, fF 
WHE” [2 Ke Bowe, EDL + or 2te, EN” (Gr) ae dz 2-0) 
s§ a vo 
where 
8(Z, E,) = 1—exp[— e-24,(@-2n)] (2~70) 


is a pseudo-Fermi-function in the variable z. This function can be inter- 
preted as the probability that a trap of energy, E,, at z will have its thermal 
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equilibrium occupancy. The function f(E,) is the Fermi function, and Z, 
is the maximum depth into the oxide to which traps can be filled within 
the measurement time. 

Physically, this means that only those trap states which are within 
a few kT of the average position of the Fermi energy, E} , can contribute 
to the surface state capacitance. States several kT above E% will never 
be occupied by electrons, whereas those several kT below will always 
be fully occupied during the period of the test signal, provided they are 
within a distance, Zm, of the interface. 

The frequency dependence of the MOS capacitance is implied in the 
frequency dependence of dV,,/aV,. Since the small-signal time constant, 
t., depends upon the applied bias through V,, the frequency dependence 
will be a function of the bias. 
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Figure 2-12. Energy-level diagram for a uniform spatial distri- 
bution of traps in the oxide. (a) No field in the oxide; (b) electric 
field in the oxide. 


If the surface states are trap levels distributed throughout the oxide, 
their energy levels with respect to ¢, will depend both on the strength 
of the electric field in the oxide as well as the distance from the interface.*® 
This can best be illustrated if we consider a single, uniformly distributed 
trap level in the oxide, as shown in Fig. 2-12a. Itis clear from Fig. 2-12b 
that— when viewed from the semiconductor—after the field is applied, 
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this single trap level gives rise to a uniform energy distribution of surface 
states which is a direct function of the electric field in the oxide. 

There are N,Az traps in the spatial interval Az within the oxide. In 
the presence of an electric field within the oxide, these traps are spread 
uniformly over the energy range: 


AE = ghd = q €,Az (2-71) 
Therefore, the density of traps, Ness per unit energy interval is: 
Woe NAz _N; | (2-72) 


q4é Gé& 


For a tunneling model it can be shown that traps can be filled to a 
distance of about 20A into the oxide for measurement times on the order 
of 2 minutes. For a maximum field in the oxide of 10° v/cm, the effective 
energy range for the states which can communicate with the semiconductor 


Bs qho=q6 i maxAZmax = 0.2 eV (2-73) 


The preceding considerations show that V,, is a function of both 
o, and V, and its specific form depends on the particular distribution in 
energy of the oxide traps. 

The MOS capacitance as a function of surface barrier can be obtained 
by use of Eq. (2-66). It is: 


CV,) = C1 7 mv) 2 o| eee ee (2-74) 


aVv 1 + (AV .cl0Vs) + (OV 56/dV 5) 


If the frequency of the a-c signal 1-0 
is so high that none of the surface 
states (trap states) can follow (i.e., 
w > 1/r.), then it can be seen from 
Eq. (2-69) that dV,,/aV, > 0. If 
this condition is satisfied, the MOS 
capacitance reduces to: 


(IV scl Vs) 
1 + (AV 1dV,) 
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C=C*= ci (2-75) 


This high-frequency capacitance 
for the case of no surface states is 
shown in Fig. 2-13. In the inver- 
sion regime, curve (1) holds if the 
minority carriers reach equilibrium, 
curve (2) if they do not; if they 
can follow the applied bias, but not 
the a-c signal, curve (3) applies. 


EFFECTIVE GATE VOLTAGE, V( VOLTS) 


Figure 2-13. Normalized MOS capacitance 
vs. gate voltage for no surface states. In the 
inversion regime curve (1) holds if the 
minority carriers follow both a-c and d-c 
voltage; curve (2) if they cannot accumulate 
at the surface (Schottky depletion layer 
capacitance); curve (3) if they follow d-c 
but not a-c signals. 


42 SEMICONDUCTOR SURFACE PHYSICS SEC. 2-4 
4. Surface conductivity in MOS structures; the field effect 


The conductance of the semiconductor surface, given by Eq. (2-47), 
is a function of the electric field at the surface. To modulate this conduct- 
ance, the electric field at the surface has to be changed. This can be 
done if we change the ambient in such a way that the density of surface 
states is altered.2”7 However, a more desirable and controllable method 
is to apply a voltage to an MOS capacitor so that an electric field is estab- 
lished normal to the semiconductor surface. This method, in contrast to 
the gaseous ambient case, does not alter the surface states and allows 
the study of a particular surface in its original form. After the application 
of the voltage, the surface potential adjusts itself in accordance with 
Eq. (2-66) to maintain charge neutrality. This change in surface potential 
has two effects. First, the location of the Fermi level at the surface is 
altered and the occupancy of the surface states is changed. Second, the 
surface excesses of holes and electrons are changed, resulting in a 
change in the surface conductance. This is called the field effect.» ** 
The larger the density of surface states, the larger will be V,,, and the 
smaller V, (and thereby V,,). A small change in V,. (and V,) means a 
small change in the surface conductance. The presence of surface states 
is thus experimentally apparent as a reduction in the measured change 
in conductance below that expected if all the induced charge went into 
the space-charge region. If it is possible to apply a field high enough to 
change the surface conductance to its minimum value, the surface con- 
ductance and the surface potential of the initial state can be determined. 


5. Hysteresis due to carrier trapping in the oxide near the interfaces 


It is sometimes found that measurements of MOS capacitance under 
otherwise identical conditions give different results, depending on 
whether the bias is increasing or decreasing. These hysteresis effects 
are of two kinds. One effect is unstable, dependent on ambient and time, 
and is observed only for p-type units. It manifests itself in a gross dis- 
tortion of the C vs. V curve (in the inversion layer regime) obtained with 
increasing bias. No shift in the location of the capacitance minimum 
is observed in this case. This effect can be explained by charge migra- 
tion on the surface of the oxide layer and is discussed in Section 2-5.1. 
The other hysteresis effect is stable, independent of ambient, and mani- 
fests itself in a small horizontal shift of the C vs. V characteristic to either 
the left or right. This can be explained by trapping effects at the two 
interfaces. 

If the surface states in an MOS structure are assumed to be traps 
uniformly distributed throughout the oxide, then it can be shown*® that 
there must be a hysteresis in the MOS-capacitance vs. bias curves. The 
origin of this hysteresis for p-type material is as follows. The depths to 
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which traps in the oxide can be filled, z,, or emptied, z;, during the time 
of measurement, 7T,,, depend for a tunneling model logarithmically upon 
the density of free electrons and holes at the surface, respectively. 
Experimentally it has been found that often an inversion layer exists 
at the surface of p-type samples. In such a case it is true that for any 
particular bias (except for a very large negative value) n, > p, and Zp > Zz. 
Consequently, during the increasing bias cycle, there is a net negative 
charge trapped in the oxide near the oxide-semiconductor interface (see 
Fig. 2-14). The voltage due to this trapped charge is part of V,,. Thus, for 
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Figure 2-14. Schematic representation of electric- 
field lines terminating on charges trapped in the oxide. 
(a) Traps near the semiconductor; (b) traps near the 
metal. 


the same applied voltage, V,, will be different for increasing and decreas- 
ing bias. This requires that V,. + V, must also be different, resulting in a 
different value of the surface capacitance, C,. At a very large negative 
bias, the hole concentration is high enough to ensure that z,—>z,, that all 
the traps filled up to z, will empty, and that the capacitance curves will 
merge. 

From this reasoning it follows that the C vs. V curve for increasing 
bias lies to the left of that for decreasing bias. Such behavior has been 
observed experimentally and typical results are shown in Fig. 2-15. 
In this graph the capacitance minima are not idential for the two branches 
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of the curve. This is in complete agreement with the assumption of a 
spatial distribution of the traps in the oxide and is explained on the basis 
of the field dependence of the surface state density** (Section 2—4.3). 
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Figure 2-15. MOS capacitance vs. gate voltage, 
showing hysteresis because of trapping at the oxide- 
semiconductor interface. 


For some samples, hysteresis may be in a direction opposite to that 
discussed before. A typical result is shown in Fig. 2-16. This behavior 
may be explained by interchange of charge between the metal electrode 
and states near the metal-oxide interface. The reasoning is similar to 
that used in the oxide-semiconductor case discussed earlier, except that 
the electric field and its influence are reduced by the geometrical factor 
(z/d). (See Fig. 2-14b.) The direction of the electric field at the semi- 
conductor surface is reversed in this case because the polarity of the 
trapped charges injected from the metal electrode is positive. Although 
the free-carrier density at the metal-oxide interface is orders of magni- 
tude higher than that at the oxide-semiconductor interface, it increases 
the depth into the oxide to which traps can be filled by tunneling within 
2 min only by about 10A. 

Since the depth in the oxide to which traps can be filled is about 
the same at the metal-oxide interface as it is at the semiconductor- 
oxide interface, the magnitude of the hysteresis effect for the two different 
cases will depend primarily on the trap concentration, N;, near the two 
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interfaces. This explains why more curves of the type shown in Fig. 2-16 
than those in Fig. 2-15 are observed experimentally. Since the oxide 
is always grown under controlled conditions, the density of traps at the 
semiconductor-oxide interface and in the oxide adjacent to that inter- 
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Figure 2-16. MOS capacitance vs. gate voltage 
showing hysteresis because of trapping at the 
metal-oxide interface. 


face is kept low. This is not true at the metal-oxide interface. It is not 
always possible to evaporate the metal electrode onto a fresh and un- 
contaminated oxide surface, and the density of traps at or near the 
oxide surface may have increased considerably. Furthermore, traps at the 
metal-oxide interface may be introduced as a result of the evaporation 
process itself. 


2-5 CHARACTERISTICS OF THE SURFACE INVERSION LAYER 


1. Frequency response of the surface inversion layer 


FIRST-ORDER ONE-DIMENSIONAL MODEL. The small-signal impedance 
of MOS structures has been discussed by several authors.?* 2 39-42 
These discussions are mathematical and the results are difficult to 
apply to practical systems. Lehovec and Slobodskoy”> have presented 
equivalent circuits which reflect the complexities of the mathematical 
results and are themselves as difficult to use in practice. Hofstein,** and 
Hofstein and Warfield** have presented an approximate analysis of the 
frequency response of the MOS capacitor when the surface layer is 
strongly inverted, with emphasis on the frequency response of the inver- 
sion layer itself. Their first-order one-dimensional analysis gives a 
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relatively simple picture of the physical mechanisms controlling the 
frequency response of the inversion layer and leads to a simple equivalent 
circuit for the MOS capacitor in the inversion layer mode. Although this 
equivalent circuit is not exact, it yields numerical values for the pertinent 
parameters of MOS capacitors which agree with experimental results 
to within an order of magnitude. 

There are several sources which can supply the minority carriers 
required to charge the inversion layer; and a current can be associated 
with each source. For an input signal smaller than &£T/q these currents 
will be proportional to the signal voltage. When the surface layer is 
strongly inverted, these sources are: 


1. Diffusion from the semiconductor bulk to the edge of the reverse-biased 
depletion region, and drift through this region. 
2. Volume generation-recombination within the depletion region. 


3. Surface generation-recombination through surface states at the insulator- 
semiconductor interface. 


Each of these three sources can be represented by a resistance. This 
leads to the simplified equivalent circuit, shown in Fig. 2-17, for the input 
impedance of the MOS capacitor in the bias range for inversion. Rg is 
associated with an electron diffu- 

ae sion current from the bulk, Ryp 
with a volume-generated current 

within the depletion region; R,g is 

associated with a surface-generated 

current directly related to the sur- 

Rg face states at the insulator-semi- 

conductor interface. Cp is the 

capacitance of the depletion region. 

For p-type silicon (10 ohm-cm) at 

room temperature and a minority 

carrier lifetime of 7, =10~® sec 


= these resistances are: 
Figure 2~17. Simplified equivalent circuit i ; ; 
for determining the frequency response of Rqa = 2 X 10° ohm-cm 


the inversion layer, including the effects Rop =5X 10® ohm-cm?2 
of surface, bulk, and junction-generated 
currents. Rys = 1 X 108 ohm-cm? 


For this material Cp = 10-° f/cm?, leading to inversion layer response 


times of: 
Tq = 2 Sec 


Typ = 5 X 10°? sec 
Tys = 1 sec 
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These response times of the inversion layer are orders of magnitude 
longer than the lifetime of the minority carriers. Since, in general, all 
three sources are acting simultaneously, the response time of the inversion 
layer will be: 


T= (ta + tod + Top) (2-76) 
or 


T= (R;* + Ris + Rip) Cp 


If all sources are active in this particular system, the response time of 
the inversion layer is governed almost completely by generation and re- 
combination in the depletion layer. This is a reasonable result since it 
is well known that the reverse-bias characteristics of a silicon p-n junction 
is dominated by junction generation and recombination.* 

EXPERIMENTAL MEASUREMENTS OF THE INVERSION LAYER FREQUENCY 
RESPONSE. Experimental results,*° shown in Fig. 2-18, for p-type units 
produced by thermal oxidation of silicon in steam indicate the actual 
frequency response is orders of magnitude higher than predicted on the 
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Figure 2-18. Frequency response of several MOS capacitors in the 
heavy inversion layer regime. 


basis of the first-order model. For p-type units produced by thermal oxida- 
tion of silicon in dry oxygen, it is somewhat higher than predicted, while 
for all n-type units (both ambients) it is as low as 50 cps, the lower 
frequency limit of the measuring equipment. 

There is an additional observation on some p-type units which cannot 
be explained by the first-order theory. A hysteresis was found‘* 4:47 in 
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the capacitance vs. applied voltage curve for p-type units when the gate 
voltage was varied from a positive to a negative value and then back 
again. This is shown in Fig. 2-19. This hysteresis effect was dependent 
on time and ambient, and was unstable. 
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Figure 2-19. MOS capacitance characteristics 
showing inversion layer capacitance and 
hysteresis. 


SECOND-ORDER MODEL. A second-order model, which can account 
for these “‘anomalies,” has been proposed by Hofstein,** and discussed 
by Hofstein et al.*44748 In oxide growth on p-type silicon with a wet 
oxygen ambient, the surface of the silicon inverts to n-type. This has 
been traced to the presence of positive charge in the oxide located near 
the oxide-silicon interface. A more accurate model for the MOS capaci- 
tor, taking this band bending into account, is shown in Fig. 2-20. The 
n-type inversion layer under the metal electrode, which is called the 
electrode inversion layer for convenience, is coupled to the external 
inversion layer extending out over the surface away from the metal elec- 
trode. When the electrode voltage is changed, minority carriers can move 
back and forth between the electrode inversion layer and the external 
inversion layer. The change in charge in the external layer is, in turn, 
capacitively coupled to the bulk. As a result, the electrode inversion 
layer is coupled to the bulk through a distributed RC network (see Fig. 
2-20). To get a good physical grasp of the behavior of this system, 
we may approximate the distributed network by the simple RC lumped 
circuit, shown in Fig. 2-20. 

If the effective coupling resistor, Rz-, is small compared to the three 
other coupling resistors (Rg, Rgp, and R,s) discussed earlier, the response 
time for the inversion layer will be determined by this coupling of the 
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electrode inversion layer to the external inversion layer. The total input 
capacitance of the network (Fig. 2-20) at low frequencies is simply 
C,. This is because the charge in the inversion layer can follow the applied 
signal so that only the oxide capacitance will be measured. At high 
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Figure 2~2C. (a) Two-dimensional model for explain- 
ing the anomalous frequency response observed in 
some MOS capacitors; (b) approximate equivalent 
circuit. 


frequencies, the charge in the inversion layer cannot follow the applied 
signal even with coupling through the external inversion layer, and so 
the series combination of oxide and depletion-layer capacitances are 
measured. 

This second-order model can account for the two “anomalous’”’ 
experimental observations just mentioned. 


1. Complementary type unit. A thermally grown oxide does not invert the 
surface of an n-type substrate, but rather makes it even more n-type. 
Hence there is no external inversion layer with which the p-type electrode 
inversion layer may exchange charge. The response of this inversion layer 
is determined by junction-generated currents. The observed frequency 
response of a unit of this type is also shown in Fig. 2-18. No inversion- 
layer capacitance was observed for measuring frequencies as low as 50 
cps, the lower limit of the measuring equipment. 
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2. Hysteresis. A tangential electric field will cause charge to migrate on 


the surface of the oxide.*® When the electrode voltage goes negative, 
negative charge appears on the external surface of the oxide along the peri- 
phery of the metal electrode. This is apparently due to the separation and 
migration of charged ions on the oxide surface. This negative charge tends 
to deplete electrons from the external n-type inversion layer. After the 
negative gate voltage is removed, this charge is neutralized by similar 
migration processes. Since surface migration may be a slow process, the 
electrons will be depleted from the ring-shaped area directly under this 
surface charge, essentially removing the inversion layer in this region. 
As long as this surface charge exists, the electrode inversion layer will not 
be coupled to the surrounding inversion layer, and the response time of the 
inversion layer will be determined by the bulk and surface-generated cur- 
rents. Ingeneral, this response time will be much longer than that associated 
with inversion-to-inversion-layer coupling. This behavior is shown sche- 
matically in Fig. 2-21. The time dependence, or drift, of the lower curve in 
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Figure 2-21. Illustration of surface instability in an MOS 
capacitor (after Hofstein and Warfield*). 


Fig. 2-19 at a fixed bias is a manifestation of the low surface mobility and 
long relaxation time of the charge on the surface of the oxide. The pres- 
ence of water vapor in the ambient increases the surface mobility so that 
the lower curve relaxes to the upper one in a matter of seconds (rather than 
minutes) in a highly humid ambient. 


SEC. 2-5 SEMICONDUCTOR SURFACE PHYSICS 51 


EXPERIMENTAL CONFIRMATION OF SECOND-ORDER MODEL. The fre- 
quency response of a p-type MOS capacitor (oxidation in wet oxygen) 
has been investigated by Hofstein and Warfield.*t Their results, shown 
in Fig. 2-22, are in very good agreement with the behavior predicted 
by this second-order model. 
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Figure 2~22. Normalized frequency response for MOS capacitor. The 
crosses are experimental points. The theoretical frequency response for 
the first-order model with a fixed shunt resistance, arbitrarily set to match 
the second-order curve at f= 5.6 mc/s, is shown to illustrate the relatively 
slow drop-off peculiar to the variable effective-coupling radius of the 
second-order model (after Hofstein and Warfield**). 


Zaininger,*® and Hofstein et al.” have investigated the effect of a guard 
ring surrounding the metal electrode. The results are reproduced in 
Fig. 2~23, where the input capacitance vs. input voltage is plotted for 
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several values of guard-ring potential. If the guard ring is biased negative- 
ly to deplete the surface inversion layer and increase the surface coupling 
resistance, the input capacitance drops sharply. This is due to the reduced 
frequency response of the gate inversion layer when R;, — ©. 

In another experiment, Zaininger and Warfield*® have measured the 
input capacitance vs. applied voltage characteristics of several p-type 
MOS capacitors in which the oxide was thermally grown in dry oxygen. 
The measurements, made at 1 kc/sec, gave a characteristic similar to 
n-type units. The measurements were repeated after successive exposures 
to hydrogen at increasingly elevated temperatures, a treatment which 
produces an inversion layer on the silicon surface surrounding the gate 
electrode. The results are reproduced in Fig. 2-24. It is seen that, as 
the external inversion layer forms, the frequency response of the gate 
inversion layer increases substantially. 
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Figure 2-24. Dependence of MOS capacitor charac- 
teristics on temperature and duration of exposure to 
hydrogen. The oxide film was grown in dry oxygen. 


2. Mobility in surface inversion layers 


The mobility of a carrier in a solid is given by: 


y= 2 (2-78) 
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mass. For cold carriers, i.e., carriers whose drift velocity is much less 
than their thermal velocity, 7, is given by: 


1 | 
alk a eee (2-79) 


where v; is the average thermal velocity and the /’s are mean free paths 
corresponding to different independent scattering mechanisms, e.g., 
thermal (electron-phonon) scattering, lattice defect scattering, scattering 
from impurity sites, etc. For carriers in single crystal bulk silicon, thermal 
scattering predominates at room temperature (300°K) for impurity doping 
densities less than 10'4/cm’. For doping levels above 10'4/cm*, impurity 
scattering becomes predominant. 

In the case of a carrier in an inversion 
layer, an additional source of scattering is 
the semiconductor-insulator interface. If 
the surface scattering is specular (as from 
a potential barrier), the carrier momentum 
along the direction of conduction is un- 
changed and the surface does not affect the d, te 
carrier mobility. However, if the particle is Figure 2-25. Linear potential- 
scattered in a random fashion, i.e.,indepen- well for calculation of surface 
dent of its impinging direction, the surface _ scattering effects. 
can be considered a diffuse scatterer and 
the mobility is affected. 

Greene*! has published an excellent survey paper covering computer 
solutions to the problem. Schrieffer*? has considered the special case of 
the linear potential well, shown in Fig. 2-25, with the following assump- 
tions: 


POTENTIAL 


1. An electron will hit the surface on the average 0,/2d, times per second, 
where d, is an effective channel depth given by the position at which the 
component of velocity normal to the surface goes to zero, i.e., d.q é j 
= 1/2kT. 


2. The carrier loses all its drift velocity upon collision with the surface. 


If the collisions with the surface are more frequent than the bulk 
scattering in the well, then: 


Jy = Tere __ VATm* 2-80 
Mere! Lo 7 ats bs (2-80) 


In the Schrieffer model of the surface well, it is assumed that the field 
in the surface space-charge region is constant and has the value of the 
surface field, 6 ,. However, the field is not constant because of the space 
charge within the surface layer. One can correct for this field variation and 
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its effect on the width of the well by using an effective well width,* given 
by the Debye length [Eq. (2-24)], A,,, based on the electron density at 
the surface, n,. The reason for this choice is that, physically, the Debye 
length is the distance over which the change in the potential energy of a 
charge is equal to its thermal energy. 


For a nondegenerate inversion layer, it can be shown by using Eq. 
(2-32) that: 


hn = = 2d, (2-81) 


This indicates that the effective well width is just twice the width of the 
well in the Schrieffer approximation. Since the correction to the linear 
well approximation is relatively small for a nondegenerate inversion 
layer, Eq. (2-80) can be used as a description of the surface mobility in 
this case. 

The preceding analysis may be readily extended to the case of a degen- 
erate inversion layer by the substitution of the degenerate Debye length 
for the nondegenerate Debye length, and by the use of the Fermi velocity, 
vr, instead of the Boltzmann velocity, v7. When this is done, it may be 
shown that the mobility varies approximately as i. 

A plot of the mobility of the carriers in the surface layer is shown in 
Fig. 2—26 as a function of the electric field normal to the surface. As the 
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Figure 2-26. Normalized effective surface mobility 
as a function of surface field (after Hofstein**). 


field increases, the layer goes from a depletion layer to a nondegenerate 
inversion layer, and finally to a degenerate inversion layer. The effect 
of diffuse surface scattering in a nondegenerate inversion layer on the 
characteristics of the transistor will be analyzed and compared with 
experiment in Section 5-2. 


\o 


SEMICONDUCTOR SURFACE PHYSICS 55 


REFERENCES 


. I. Tamm, Phys. Z. Sowjetunion 1, 733 (1932). 

. W. Shockley, Phys. Rev. 56, 317 (1939). 

. W.G. Pollard, Phys. Rev. 56, 324 (1939). 

. J. Bardeen, Phys. Rev. 71, 717 (1947). 

. W. Shockley and G. L. Pearson, Phys. Rev. 74, 232 (1948). 

. J. Bardeen and W. H. Brattain, Phys. Rev. 74, 230 (1948). 

. C. G. B. Garrett and W. H. Brattain, Phys. Rev. 99, 376 (1955). 


. R.H. Kingston, J. Appl. Phys. 27, 101 (1956). This paper gives an extensive 
bibliography concerning experimental work up to 1955. 

. J. T. Law, “Semiconductor Surfaces,” in Semiconductors, ed. N. B. Hannay 
(New York: Reinhold Publishing Corp., 1959) pp. 676-726. 


. T. B. Watkins, “The Electrical Properties of Semiconductor Surfaces,” in 
Progress in Semiconductors, ed. A. F. Gibson (London: Heywood and 
Co., 1960), Vol. V, pp. 2-52. 


. J. Koutecky, Phys. Stat. Sol. 1, 554 (1961). 

. G. Heiland, Fortschr. d. Phys. 9, 393 (1961). This paper gives an exhaustive - 
list of references up to 1961. 

. H. Flietner, Phys. Stat. Sol. 2,221 (1962). 


. A. R. Plummer, “The Semiconductor-Gas and Semiconductor-Metal 
System,” in The Electrochemistry of Semiconductors, ed. P. J. Holmes 
(London: Academic Press, 1962) pp. 61-140. 


. A. Many, Y. Goldstein, and N. B. Grover, Semiconductor Surfaces, (Amster- 
dam: North-Holland Publishing Co., 1965). 


. J. L. Moll TIRE Wescon Convention Record, Part 3, pp. 32-36 (1959). 


. F. Berz, J. Elec. and Control 6, 97 (1959). Also, ‘‘Field-Effect at High 
Frequency” in Solid State Physics in Electronics and Telecommunication 
(London, Academic Bks., Ltd., 1960). 


. W.G. Pfann and C. G. B. Garrett, Proc. 1RE 47, 2011 (1959). 

. D.R. Frankl, Solid State Electronics 2,71 (1961). 

. J. A. Minahan, J. L. Sprague, and O. J. Wied, J. Electrochem. Soc. 109, 
94 (1962). 

- R. Lindner, Bell Syst. Tech. J. 41, 803 (1962). 

. K. Lehovec, A. Slobodskoy, and J. Sprague, IRE Trans. on Electron 
Devices 8, 420 (1961). 


. L. M. Terman, Stanford Electronics Laboratory Report, No. 1655-1 (1961), 
and Solid State Electronics 5,285 (1962). 


56 
24 


SEMICONDUCTOR SURFACE PHYSICS 


. K. Lehovec, A. Slobodskoy, and J. L. Sprague, Phys. Stat. Sol. 3, 447 (1963). 


25. K. Lehovec and A. Slobodskoy, Solid State Electronics 7, 59 (1964). 


26 


Og 


28. 
29; 
30. 
31. 
32. 


33. 
34. 
35. 
36. 


37. 
38. 


39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 


49. 


50. 
51. 
D2: 


. K. H. Zaininger and G. Warfield, JEEE Trans. on Electron Devices 12, 
179 (1965). 


H. K. Henisch, “ Rectifying Semiconductor Contacts,’ Oxford: Clarendon 
Press, 1957. 


J.R. McDonald, Solid State Electronics 5, 11 (1962). 

R.H Kingston and S. F. Neustadter, J. Appl. Phys. 26,718 (1955). 

G. C. Dousmanis and R. C. Duncan, Jr., J. Appl. Phys. 29, 1927 (1958). 
H. Flietner, Ann. Physik Leipzig 3, 396 (1959). 


E. Groschwitz and R. Ebhardt, Z. angew. Phys. 11, 9 (1959). 
E. Groschwitz, E. Hofmeister, and R. Ebhardt, ibid. 12, 544 (1960). 


D.R. Frankl, J. Appl. Phys. 31, 1752 (1960). 
C. E. Young, J. Appl. Phys. 32, 329 (1961). 
R. Seiwatz and M. Green, J. Appl. Phys. 29, 1034 (1958). 


F. P. Heiman and G. Warfield, JEEE Trans. on Electron Devices 12, 167 
(1965). 


W. H. Brattain and J. Bardeen, Bell System Tech. J. 32, 1 (1953). 
L. R. Godefroy, in Progress in Semiconductors 1, 197 (1956). 


C. G. B. Garrett, Phys. Rev. 107, 478 (1957). 

A.E. Yunovich, Sov. Phys., Techn. Phys. 3, 646 (1958). 

A. E. Yunovich, Sov. Phys., Solid State 1, 998 (1960). 

F. Berz, J. Phys. Chem. Solids 23, 1795 (1962). 

S. R. Hofstein, Ph. D. thesis, Princeton University, Princeton, N.J., 1964. 

S. R. Hofstein and G. Warfield, Solid State Electronics 8, 321 (1965). 

C. T. Sah, R. N. Noyce, and W. Shockley, Proc. IRE 45, 1228 (1957). 

K. H. Zaininger, Ph.D. thesis, Princeton University, Princeton, N.J., 1964. 

S. R. Hofstein, K. H. Zaininger, and G. Warfield, Proc. IEEE 52,971 (1964). 
S. R. Hofstein, K. H. Zaininger, and G. Warfield, Report at Solid State 


Device Research Conference, Boulder, Colorado, July, 1964. 


M. M. Atalla, A. R. Bray, and R. Lindner, Suppl. Proc. Inst. Elec. Engrs. 
(London) Part B 106, 1130 (1959). 

K. H. Zaininger and G. Warfield, Proc. IEEE 52,972 (1964). 

R. F. Greene, J. Phys. Chem. Solids 14, 291 (1960). 

J. R. Schrieffer, in Semiconductor Surface Physics, ed. R. H. Kingston, 
(Philadelphia, Pennsylvania: University of Pennsylvania Press, 1957) p. 55. 


Conduction through 
Insulating Layers 


Dietrich Meyerhofer 


3-1 THE ROLE OF THE INSULATOR IN FIELD-EFFECT 
TRANSISTORS 


In the insulated-gate field-effect transistor, the gate is separated from the 
conducting channel by a thin insulating layer. Its purpose is to act as a 
medium for transmitting the electric field, which controls the conduction 
between source and drain, without passing any current. 

The gate insulator should have zero conductance and a very small 
capacitance to minimize dissipation and storage effects in the gate circuit. 
The first condition can be fulfilled with an ideal insulating material as long 
as the required fields are not too large. At fields on the order of 10° v/cm, 
various intrinsic conduction processes set in. The second condition has 
no ideal solution. On the one hand, a small capacitance is desirable, 
requiring a thick insulating layer and a low dielectric constant. On the 
other hand, a small control voltage is desirable, requiring a thin insulating 
layer and a large dielectric constant. In general, conduction through 
the insulator sets a lower limit to its thickness at its thinnest spot. 

Real insulators may show conduction at considerably lower fields than 
those required for the intrinsic processes in the ideal insulator. This 
conduction may be linear or nonlinear. It may be uniquely defined, show 
hysteresis effects, or lead to permanent changes or destructive break- 
down. The effects may be due to electronic or ionic conduction or to 
surface currents. 
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The purpose of this chapter is to provide a physical basis for under- 
standing the high gate resistance and interpreting the various gate leakage, 
life, and stability phenomena. This requires first a presentation of the 
intrinsic electronic conduction processes. Impurities and defects are pres- 
ent in all real insulators and they directly affect the flow of electrons. To 
understand these processes, one must consider the band structure of the 
insulator and the electronic states of the impurities. Subsequently, ionic 
conduction, which is also caused by impurities, will be studied. These 
mechanisms will be found capable of changing the electronic processes 
in such a way as to modify operating parameters of the transistors 
temporarily or permanently. 


3-2 ELECTRONIC CONDUCTION THROUGH INSULATING 
LAYERS 


The number of free electrons in the conduction band of a large bandgap 
insulator in thermal equilibrium is negligible in most practical cases. Con- 
duction can take place only after carriers have been introduced into the 
conduction band by some mechanism.+ Some of those mechanisms are: 
injection of electrons from a contact over a barrier; tunneling through a 
barrier from a contact; tunneling from impurity states or from the valence 
band into the conduction band; and excitation of electrons from impurity 
states or valence band by radiation or hot electron impact. The carriers in 
the band move under applied fields in the conventional manner, describ- 
able by a mobility parameter. Because there are no intrinsic free carriers, 
conduction will be limited by space charge. The carriers may also be 
trapped at impurities, further limiting the conductivity. 

This section first discusses the band structure model of the ideal 
insulator with contacts. Then, various electronic conduction processes 
will be considered individually. 


1. The ideal insulator 


The insulator used in field-effect devices consists of a very thin layer 
or sheet with comparatively large lateral dimensions. It is appropriate to 
approximate this physical structure by a one-dimensional model of a thin 
insulator sandwiched between a metal gate and the semiconductor body. 
Potential gradients, or current flow in a direction parallel to the plane of 
the insulating layer, are treated in Chapter 5 and will be neglected here. 

It is necessary to know the energy band structure for the discussion of 
electronic conduction, i.e., the distribution of states, which electrons can 


+Most of the considerations in this section apply equally well to electrons in the conduc- 
tion band and to holes in the valence band. The former case will generally be used to illustrate 
the discussion, but the equations apply to the latter case as well. 
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occupy, in energy and in space. A simple schematic energy band diagram 
of the one-dimensional model is shown in Fig. 3-1. The vacuum level, 
@(x), serves as a reference for the potential energy of the electrons. In 
an isolated homogeneous material it corresponds to the potential energy 
of an electron far removed from an uncharged region of this material. 
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Figure 3-1. One-dimensional energy-band diagram of the 
field-effect transistor structure in a direction perpendicular 
to the insulating layer. The ordinate represents the 
electron energy. (a) Equilibrium; (b) under applied gate 
voltage V,,. 


Here, the vacuum level does not have any absolute meaning, but repres- 
ents the relative energy of electrons (at rest) located just outside the 
various regions of the material, at a sufficient distance so as not to be 
influenced by surface forces. The gradients in ® are due to differences 
in work functions (contact potential differences) between the various 
materials. Even in the absence of an external voltage (Fig. 3-1a), a 
built-in field may exist in the insulator (Gin, = 9®,/dz). If a voltage is 
applied to the insulator (Fig. 3-1b) the resulting field in the insulator is: 


“ dE od 
E= Gint + Eext = — oF oe = Oz (3-1) 
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The model of the semiconductor-insulator interface in Fig. 3-1 is that 
of the simplest situation where there is no surface charge. Other cases 
have been treated in Chapter 2. Furthermore, the voltage drop across the 
semiconductor (f'§ dz) is always less than E,/q, the bandgap voltage, 
except under very special pulse conditions. Consequently it is generally 
much smaller than the applied voltage V,. The field in the insulator is 
approximately: 


a Vs 
&,= Z (3-2) 


where d; is the thickness of the insulator. 

The band structure of the insulator is the same as that of a semi- 
conductor except that the valence and conduction bands are so far from 
the Fermi level that the number of free carriers in thermal equilibrium is 
negligible. The field across the insulator is shown constant in Fig. 3-1. 
This is the simplest possible situation which applies when no net charge 
density is present. More complex realistic situations will be discussed in 
later sections. 


2. Conduction processes in the ideal insulator 


INJECTION OVER A BARRIER (SCHOTTKY EMISSION). Consider the 
metal-insulator interface of Fig. 3-1. For a small barrier, Ad, or high 
temperatures, there will be some electrons in the metal with sufficient 
energies to pass over the barrier and flow into the insulator conduction 
band. In equilibrium, there will, of course, exist an equal number of 
electrons in the insulator flowing in the opposite direction. The latter 
are eliminated by a small applied field (Fig. 3—1b), and one may calculate 
the current flowing into the insulator when it is not limited by space 
charge. This injected current is referred to as thermionic emission. 

The current per unit area flowing in the z-direction, j,, is obtained by 
the integration of the charge flow over all the electrons in the metal, with 
sufficient momentum in the z-direction to overcome the barrier: 


. 1 2gm(kT)? acd (3-3) 
One OB exp| kT 


This is known as the Richardson equation, in the case of thermionic 
emission into vacuum. 

Notice that the electron mass enters into these equations. The elec- 
trons in the metal and insulator are not completely free, as in vacuum, 
but are treated as quasi-free on the band-model approximation of a solid. 
The electron mass takes on an effective value, m*, different from the free 
electron mass. In a parabolic band, the effective mass is a single, well- 
defined number. So long as the effective masses are the same in the two 
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adjacent materials, the foregoing equations need not be modified except 
for replacing m by m*. The alternate case will be considered in more 
detail in part 4 of this section. 

The (thermionic) current given by the Richardson equation is negligibly 
small for the type of insulators and the range of temperatures considered 
in this book. However, the injection current may be increased by high 
fields, which modify the shape of the barrier and lower its height. This 
causes more thermionic carriers to flow over the barrier. This case is also 
well known from emission into vacuum and was first described by Schottky. 
To calculate this current, the model of the metal-insulator interface 
must first be modified to include the image force. An electron located in 
the insulator of dielectric constant x; = ¢,/€, at a distance z from the metal 
interface experiences an attractive force: 


2 

6, q 
OO = Tere G4) 
towards the metal. This reduces the potential energy of the electron by: 


q 
1 677€;Z 


dim = — (3-5) 


as shown in Fig. 3-2. Near z = 0, where the image potential would take 
on large negative values (dashed line), the simple concept no longer 
applies. The metal cannot be considered as a continuum, and the indi- 
vidual atoms and shielding electrons must be taken into account. The 
detailed considerations become complicated, but it is reasonable to make 
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Figure 3-2. Band structure of the metal-insulator interface 
(Fig. 3~1) modified by the image force (potential ¢,,). The 
applied electric field, &, lowers the barrier height by an 
amount A®,,,, = (g? 6/47)” 
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the approximation, shown in Fig. 3-2, that the conduction band of the 
insulator goes over smoothly into the conduction band of the metal. 

A simple calculation, using Eq. (3-5), shows that the lowering of the 
barrier height by an applied field & is given by: 


3 
Admax = £é (3-6) 


Inserting Eq. (3-6) into Eq. (3-3) results in the Schottky equation, modified 
for emission into a solid, rather than into a vacuum: 


i= 1 2qm* (kT)? exp[- Ad —(q°6/47€;) "| 
(27)? hp kT 
(3-7) 


* 
= 120 m T2e71-15x104A4/T 9 B.8VEIVET al com? 
m 


In the latter formulation, T is to be taken in °K, Ad in ev, and 6 in v/A. 
The logarithm of the current is, therefore, proportional to 1/T and V6. 
Schottky emission into thin insulating layers was observed by Emtage 
and Tantraporn.’ Similar experimental results of Pollack? on injection 
from lead into Al,O; layers, 340 A thick, are shown in Fig. 3-3. Both 
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Figure 3-3. Experimental evidence for Schottky injection into a 
340-A-thick layer of A1,Os: (a) / vs. V"?; (b) / vs. T (After Pollack.?) 


the voltage and temperature dependence of the current are shown to 
demonstrate the applicability of Eq. (3-7). The data are consistent with 
a barrier height Ad of 0.64 ev. 
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TUNNELING OR FIELD EMISSION. Tunneling is a quantum mechanical 
process without a classical analogue. Consider the simplest one-dimen- 
sional problem shown in Fig. 3-4. When the electron energy, E, is larger 
than the barrier height ®,, the electron may travel relatively freely over 


Figure 3-4. One-dimensional tunneling through a 
square potential barrier ®(z) or through a smoothed- 
out barrier ®'(z). 


the barrier; for E < ®, there will be a finite probability of the electron 
tunneling through the barrier. The one-dimensional Schrodinger equation 
is: 

h? oy 


am age + P= Eb (3-6) 


which may be solved exactly for the square potential barrier: 


w= Pele)" — forz< 2 
orz > Ze 


v= Woe” 2m Ps Eyie |, fOrz <2 Sz (3-9) 


The solutions must be matched at the boundaries. This demonstrates an 
exponentially decaying wave in the tunneling region. Since the expecta- 
tion value of finding the electron at z is |(z)|?, the probability P (£), that 
an electron incident on the barrier will pass through the barrier is: 


Le) 
weve 


P(E) = exp —2[2m(®, ~— E)/h?]"?(% — ay (3-10) 


Real barriers are never infinitely sharp, and a more realistic potential 
is one like ®’(z) in Fig. 3-4. The solution of Eq. 3-8 becomes much more 
complicated, but if ©’(z) varies smoothly enough (as is usually the case) 
the WKB approximation? may be applied. The result is: 


P= exp| - | i [2(B'(z) — Eyy*de} (3-11) 


2 
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The limits of integration, z, and z,, are the points where ®’(z) = E, the so- 
called classical turning points. Equation (3-11) is very useful for calcu- 
lating most practical tunneling problems using various analytical approxi- 
mations or numerical integration. 

For electron energies near the top of the barrier, the WKB formalism 
must be modified somewhat, as shown by Good and co-workers.4 

An idea of the magnitude of the tunneling probability may be obtained 
if we calculate the transmission coefficient of a barrier 1 ev higher than 
the particle energy and 25 A wide. Then the transmission probability is 
P= 10“. Because of the exponential dependence on thickness, barriers 
twice as wide as this have negligible transmission coefficients. 

Tunneling may enter into the problem of conduction through insulating 
layers in a number of different ways. Some of these are depicted in Fig. 
3-5. In the case of very thin insulating layers, electrons tunnel directly 
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Figure 3-5. Various ways in which tunneling may con- 
tribute to conduction through thin insulating layers. (a) 
Tunneling from the contact; (b) band-to-band tunneling; 
(c) tunneling to and from impurity states. 


from a metal through the forbidden energy gap into the conduction band 
of the semiconductor, or vice versa. The corresponding tunneling prob- 
ability through thicker insulators is negligible, but the application of a 
large electric field narrows the barrier and permits electrons to tunnel into 
the insulator conduction band. These two processes are shown in 
Fig. 3-Sa. 
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In very large fields it is also possible for electrons to tunnel from the 
valence band of the insulator into its conduction band (Zener tunneling® 
Fig. 3-Sb). This process may be neglected in practice because of the 
large bandgap of typical insulators (5-12ev). The remaining tunneling 
processes (Fig. 3-Sc) concern tunneling in and out of traps and will 
be discussed later. 

One generally calculates the tunnel currents through thin insulating 
layers (Fig. 3-5a) by using the model of Fig. 3-2, which takes the image 
force into account. Because the valence band of the insulator is located 
sufficiently far below the conduction band (large bandgap), its presence 
may be neglected and the bottom of the conduction band, modified by 
the image force, may be treated as the potential ®’(z) of the simple one- 
dimensional barrier (Fig. 3-4). The kinetic energy in the direction 
parallel to the interfaces must be conserved in this process. 

Figure 3-2 shows that there is no longer any clear distinction between 
the two cases in Fig. 3-5a, one going over into the other as the parameters 
vary. Furthermore, it is clear that the tunneling transition takes place 
under conservation of k (a direct transition in semiconductor terminology), 
since the transition takes place entirely within the insulator, i.e., from 
the bottom of the conduction band at z, (cf. Fig. 3-4), to the bottom of 
the conduction band at z.. The image force smooths out the barrier 
sufficiently so that the use of Eq. (3-11) is justified in this situation. 

The mass in Eq. (3-11) is the effective mass of the conduction 
band of the insulator in this simplified model, since the tunneling takes 
place between z, and z,, both of which lie within the insulator For the 
large bandgaps involved, m*/m can generally be taken as one (little inter- 
action between the bands). The dielectric constant which enters the image 
force is the optical value, because the electron spends only ~ 107" sec in 
the insulator, which is not enough time for the lattice to polarize. 

The tunnel current flowing through the insulator is now calculated 
by integrating over all electrons 


i= | N(E)f(E)vP(E.) dk G-12) 


The energy E is the kinetic energy of the electron in the cathode material, 
measured from the bottom of the conduction band. 

There have been many attempts to evaluate Eq. (3-12). In some cases 
no consideration has been given to the image force, to the dielectric 
constant, or to the effective mass of the electron in the insulator, and the 
assumptions have not always been clearly stated and justified. The 
complete solution of the tunneling probability and the current integral 
cannot be obtained in analytical form (even when the image force is 
neglected), and most authors have calculated approximate forms of the 
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integrals which may be valid within certain limits. Two of the most 
recent and complete calculations were made by Stratton® and by Simmons’. 
The former uses an expansion which would apply rigorously at low 
voltages if the image force could be taken into account exactly. The 
latter makes approximations which allow Eq. (3-12) to be solved analyt- 
ically over the entire range of parameters, but which result in errors in 


2 


7 SIMMONS 
is 
73 


j, (A/cm?) 


z 


VOLTS 


Figure 3-6. Calculated tunneling currents [Eqs. (3-11) 
and (3-12)] flowing through thin insulating layers 
(after Meyerhofer and Ochs*). Values of the barrier 
parameters are as follows: 


1.d,=40A Ad, = Ad, = 2ev 

2.d,=25A  Ad,= lev Ad, = 3ev 
3.d,=25A Ad, =2ev Ad» = 2ev 
4.d,=25A  Ad,=3ev Ad, = lev 


where Ad, is the barrier on the negative electrode and 
Ad, is the barrier on the positive electrode. For com- 
parison, the curves calculated for the same parameter 
values as curve 3, by the approximation of Stratton® 
and Simmons,’ are also shown. 


current density varying from less than a factor of 2 in some regions to as 
high as a factor of 10* at medium and high currents, for barriers with 
small dielectric constants. 
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A different approach has been used by Meyerhofer and Ochs.® They 
calculated the integrals in the tunneling probability and the current 
density numerically with a final accuracy of + 25%. Some typical 
curves are shown in Fig. 3-6. For comparison, corresponding character- 
istics calculated by the formulas of Stratton and Simmons are included. 

These calculated tunneling currents may accurately represent real 
physical situations, as shown in Fig. 3-7, where measured current values 
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Figure 3-7. Experimental current-voltage characteristics 
for an Al-Al,O,-Al sandwich. The curves are calculated 
using the barrier parameters indicated (after Meyerhofer 
and Ochs’) 


on Al-Al,0;-Al sandwiches are compared with calculated curves fitted 
to them.® A uniformly distributed current is assumed and confirmed by 
the good fit with the calculation. A slight asymmetry in the tunneling 
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barrier is apparent. Similar experiments and curve-fitting have recently 
been performed by Pollack and Morris,’ although a more complicated 
model and a nonuniform current distribution had to be assumed. 

SPACE CHARGE LIMITED CURRENT. Carriers injected into the con- 
duction band by Schottky emission or tunneling continue to flow toward 
the anode in the applied field. There is no compensating charge present, 
and the carriers give rise to space charge. This in turn changes the field 
distribution in the insulator. For an unlimited supply of electrons at the 
cathode end of the insulator (z = 0), the simple equation for one-carrier 
trap-free space-charge-limited current is obtained: 


8 V? 


j= 5 «Zs (3-13) 


This shows that very substantial currents can be drawn through insulating 
layers, if sufficient injected carriers are available. Smith and Rose’? 
measured currents up to 20 a/cm? through insulating CdS crystals 
2.5 x 107-3 cm thick, and demonstrated that they obey Eq. (3-13). 

More complicated models of insulators will lead to other equations for 
space-charge-limited currents. In particular, the assumption of an un- 
limited supply of carriers at the cathode will generally not apply. At 
higher fields, the mobility no longer remains constant. Also, there are the 
important effects of traps on the current. This will be considered later in 
this section. Injection of two kinds of carriers will not be treated here 
since this phenomenon is mainly limited to semiconductors and is not 
generally observed in insulators. 

Since space-charge-limited currents change the potential distribution, 
this will in turn affect the injection process. The field at the cathode is 
reduced compared to the uniform field. Geppert'! calculated how much 
this decreases the tunnel current and found that the effect is negligible in 
most practical cases. 

CONDUCTION IN HIGH ELECTRIC FIELDS. The electric fields applied 
to the insulating layer in the transistor are large compared to the fields 
usually encountered in electronic conduction. A gate voltage of 20 v 
applied to a typical insulator of 1000 A thickness corresponds to an aver- 
age field of 2 x 10° v/cm. This field is comparable to that in back-biased 
p-n junctions, and similar effects can be expected to occur in both cases. 

Consider what happens to an electron in the conduction band of an 
insulator so long as it is not trapped. In small electric fields, it drifts in 
the field direction, gaining energy from the field and losing energy in 
collisions with impurities and acoustical phonons. Thermal equilibrium, 
and therefore the average energy of the electrons, is maintained. The 
mobility is constant, as was assumed in the calculation of space-charge- 
limited currents. 
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In larger fields, the energy loss by ionized impurity and acoustical 
phonon scattering is no longer fast enough to maintain the equilibrium. 
The electrons attain higher average energies (hot electrons) and new kinds 
of interactions take place, particularly optical phonon scattering, impact 
ionization, and pair production. 

Electrons interact strongly with optical phonons, once they attain high 
enough energy. This reduces the mobility sharply at higher fields and 
causes the drift velocity to saturate. In contrast, the scattering by ionized 
impurities (Coulomb interaction) is reduced at higher energies and, at the 
same time, the trapping probability is decreased. This makes it more like- 
ly that the electrons will pass through a thin insulating layer without 
being trapped at all. 

Hot electrons with sufficient energy can excite additional electrons 
into the conduction band, either from bound states of neutral impurity 
atoms (impact ionization) or from the valence band (pair production). 
These additional carriers also heat up and may, in turn, create further 
carriers leading to avalanche formation. These processes are identical to 
those observed in conventional semiconductors, particularly in Zener 
breakdown of p-n junctions. Multiplication will only take place in layers 
with thicknesses larger than the mean-free-path between ionizing col- 
lisions (~ 20 A), since, otherwise, the electron leaves the crystal before 
colliding. 

When the rate of creation of additional carriers exceeds the rate of 
recombination at some point in the material, the carrier concentration and, 
therefore, the conductivity increases at that point. This causes both an 
increase in the total conductance of the sample and a distortion of the 
electric field within it. Both effects allow more and more current to flow 
and destructive breakdown takes place. This is generally called electronic 
or intrinsic breakdown. There have been a number of attempts to calculate 
the intrinsic breakdown strength of an insulator (generally neglecting the 
injection problem) by balancing the energy gained by an electron from the 
field with the energy dissipation (cf., e.g., Whitehead,!? Frantz!*) but the 
experimental results are not yet sufficiently accurate to check the theories. 

Typical measured values of dielectric breakdown strength obtained on 
the well-studied alkali halide crystals are (0.5 — 1.0) x 10® v/cm.'* Less 
is known about other materials. Von Hippel and Maurer measured the 
breakdown strengths of both quartz crystals and thin layers of silica glass 
to be approximately 5 x 10° v/cm at room temperature. Grown layers of 
SiO, in field-effect transistors are less perfect and are therefore expected 
to exhibit smaller breakdown fields. 

Electronic breakdown is caused by a field-produced increase in con- 
ductivity. A different type of breakdown, thermal breakdown, depends 
on the heating of material in high-current-density regions. The conduct- 
ance increases with increasing temperature and breakdown takes place 
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when the thermal conductivity is no longer sufficient to dissipate the heat 
produced. This process appears to be responsible for breakdown of very 
thin insulating layers. It may also lead to self-healing of a breakdown 
point if the temperature during the breakdown is sufficiently high to 
vaporize the metal contact in the region adjacent to the breakdown. 


3. The insulator with traps 


The insulator model discussed in Section 1 of this chapter is a very 
idealized one. It applies only for a perfect crystalline material without 
defects or impurities. Real insulators have large quantities of both kinds 
of imperfections. Their effects are twofold. 

First, each imperfection introduces one or more localized energy 
states (as compared to the nonlocalized Bloch states which form the val- 
ence and conduction bands of the perfect material). In the case of insul- 
ators, these donor or acceptor states generally lie deep in the forbidden 
gap. States which are empty in equilibrium may trap free excess carriers, 
removing them from the conduction process. 

Second, localized imperfections scatter free charge carriers, thereby 
reducing their mobility. This is particularly true if the states are electri- 
cally charged (ionized impurity scattering). 

Consider the case of the space-charge-limited current that was cal- 
culated in the previous section. This is a steady-state process. Under the 
application of the electric field, electrons from a large reservoir flow into 
the insulator. If the density of electrons is smaller than that of the traps, 
most of the electrons will be trapped, leaving only a small number of 
thermally excited free carriers. The ratio of free-to-trapped charge, in 
the simplest situation, is: 


— Ne exp|- =! (3-14) 
, ON, Pt al 


where JN, is the density of states in the conduction band, N, is the density 
of traps, and AE, is the ionization energy of the traps, i.e., the energy 
separation of the trap level from the appropriate band edge. Consequent- 
ly, the current flow will be reduced by this ratio from its trap-free value 
[Eq. (3-13)]. Since AE, is usually many kT, the remaining current will 
be very small. As the voltage is increased and the number of carriers 
injected into the insulator becomes larger than the number of traps, the 
excess carriers remain free. It is therefore expected that the current 
through an insulator with traps will increase very strongly at a certain 
voltage, eventually approaching the value of the trap-free space-charge- 
limited case. Any remaining difference is caused by a reduction of the 
mobility due to the ionized traps. 
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There have been many observations of the effect of traps on space- 
charge-limited currents in insulators. One of the most ideal sets of data?® 
is reproduced in Fig. 3-8. It was taken on ZnS crystals 5 <x 10-3 cm 
thick. 

Trapping may also have a strong 
effect on tunneling currents. Consider 
the process of injection into the cop- 
duction band by tunneling (Fig. 3—Sa). 
Again, this is a steady-state situation, 
and the traps may be considered in 
quasi-thermal equilibrium with the 
conduction band. The carriers are only 
trapped between the point of injection 
and the anode. The resulting space 
charge reduces the field near the 
cathode, causing the barrier for tun- 
neling to become thicker and reducing 
the injection. This effect is just the 
opposite of that caused by electron 
multiplication at high fields and, conse- 
quently, tends to increase the measured 
dielectric breakdown strength. 
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caused by trapping in detail, and one 
set of his curves is shown in Fig. 3-9. A Figure 3-8. Space-charge-limited 
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current flow through thin films of BeO. 

It was seen in the previous section that, for hot electrons, the trapping 
cross section is reduced. The equilibrium number of free carriers 
[Eq. (3-14)] is increased, and the effects of traps are reduced at the high 
fields. 

The filling or emptying of a trap has been considered to take place as a 
vertical transition to or from the conduction band by thermal activation. 
The process may also take place by emission and absorption of radiation. 
The latter causes increased conductivity (photoconductivity). This will 
be particularly important at high fields, where the added photocarriers 
hasten the onset of dielectric breakdown. The high fields also increase 
the ionization rate by lowering the barrier surrounding the trap (Schottky 
emission). 

Traps may also communicate horizontally by tunneling, either with 
the contacts, with the insulator conduction band (field ionization), or with 
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other impurities (Fig. 3—5c). All these processes increase the current 
flowing in the insulator over its equilibrium value. Calculation of the 
transition probabilities is complicated by the three-dimensional nature of 
the impurity state (cf., e.g., Franz’). 
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Figure 3-9. Calculated tunneling current 
through an insulating layer with the parameter 
values d; = 100 A, Ad = lev, k; = 9. The effect 
of 10° traps cm, at a depth, such that n/n, = 
10-7, is shown (after Geppert’’). 


Mead!” has measured current-voltage characteristics of Ta,O; layers 
from 50 to 5000 A thick and suggested that the observed currents are due 
to thermal or field ionization from traps. Substantial currents flowed even 
at fields lower than 10° v/cm. 

The processes by which electrons enter and leave trap states all tend 
to have long time constants. Thermal equilibrium then exists only under 
d—c conditions. Under a-c conditions, different phenomena make them- 
selves felt, depending on the frequency of operation. For example, 
hysteresis effects have been observed in capacitance measurements as 
functions of gate voltage (see Chapter 2) and have been described by a 
very simple model of tunneling from one of the contacts into impurity 
energy states. 


4. Refinements of the model 


The discussion of electronic conduction in insulators (Fig. 3-1) has 
been based on band theory. Insulator, semiconductor, and metal are 
presumed to have parabolic conduction bands with well-defined (and 
equal) effective electron masses. The transition from one material to 
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another is one-dimensional and abrupt (except for the image force 
potential). The entire voltage drop is assumed to occur across the 
insulator. 

In this section the validity of some of the features of this model will be 
investigated and others refined. In particular, we will discuss the appli- 
cability of the band model treating the case of differing effective masses 
and investigating the effect of electric fields on the metal contact. The 
corresponding problem of the electric field in the semiconductor has 
already been discussed in Chapter 2. 

The very thin insulator may consist of as few as ten atomic layers. The 
band structure model is derived from the Bloch scheme and requires 
infinite extent, or at least periodic boundary conditions. Certainly this is 
not true of a layer ten interatomic distances thick, particularly since the 
outermost atoms interact with the atoms of the adjacent material and do 
not experience the same forces as the interior atoms. Furthermore, there 
is generally some interdiffusion between the insulator and the adjacent 
metal or semiconductor, particularly in the case of grown oxide layers, 
such as Al,O; or SiO,. In the latter case, there is no well-defined bound- 
ary and only the central region of the insulator is undisturbed. 

Many of the insulating layers may be amorphous (see Chapter 4), i-e., 
without a periodic lattice, so that the band-structure calculations appear 
to be inapplicable. However, any system has a certain amount of short- 
range order that does not show up in X-ray experiments and the band 
theory may still be approximately applicable. 

The conduction between two materials with parabolic bands but 
with different effective masses will now be discussed. This case has 
generally been neglected in the literature on tunneling and emission 
into vacuum. The previous calculations may, however, be extended 
easily by including a varying effective mass. 

Consider first the case of thermionic or Schottky emission (Fig. 3-2). 
An electron with high enough energy can pass from one material, with the 
smaller electron affinity, to the other (thermionic emission). If the effective 
mass is different in the two materials, then some of the electrons will not 
satisfy energy and momentum conservation conditions and will be re- 
flected at the boundary. Under these conditions it can be shown that the 
thermionic current is still given by the Richardson equation [Eq. (3-3)], 
but using the effective mass of the material into which the electrons are 
flowing. It is independent of the effective mass of the emitting material. 
The same is, of course, true for Schottky emission [ Eq. (3-7)]. 

Similar considerations must be applied to tunneling calculations. The 
situation is more complex in this case, because the tunneling probability 
itself also depends on m*. Furthermore, the virtual states in the forbidden 
gap of the insulator may also have a varying effective mass. The effects 
can be included in the tunneling calculations as was shown by Franz" and 
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Stratton.® At present, the insulator band structure is not well enough 
known to allow comparison of these calculations with experiment. 

Another problem to be taken into consideration is the effect of an 
electric field on a metal. In the previous calculation the external field ¢- 
was assumed to change abruptly at the metal-insulator interface as is 
shown in Fig. 3-1 (the image force only changes the internal field and need 
not be included in the present considerations). A more accurate picture 
of the band structure in the vicinity of the interface is shown in Fig. 3-10. 
The bands in the metal bend to accommodate the charge required by the 
metal-insulator capacitor. 


VACUUM LEVEL 


Figure 3-10. Detailed model of the band energies in the 
immediate vicinity of a metal-insulator interface (cf. Fig. 
3-1). The image potential is not shown. 


The capacitance of the symmetric structure of an insulator of thick- 
ness, d;, with two metal contacts may be calculated as follows: The space 
charge in the metal in the case of a parabolic conduction band is given by: 


p= and] (*) — 1| (3-15) 
Er 


where n, is the density of electrons in equilibrium and ¢ (z) is the amount 
of band bending. Integration of Poisson’s equation (p/e = dé&/dz) gives: 


2 5/2 9 1/2 
é-/7E2e +i) te"=£$ om 


where d,, is the thickness of the space-charge region in the metal. 


re 2 EmEr (3-17) 
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The last approximation in Eq. ce 16) is always valid, since ¢ < E,. For 
a typical metal n, = 10” cm™3, E; = 10ev, and the dielectric constant 
Km = 1, since the value in the absense of conduction electrons must be 
taken. Then d,, = 0.8A. 

At the metal-insulator interface there is now no charge, so: 


m OnlZ = 0) = & 6(z = 0) (3-18) 


Inserting this relation into Eq. (3-16), we integrate the electric field 
over half the symmetrical structure and set it equal to (V/2 — ®;n/q) 
[cf. Eq. (3-1)]. Then the capacitance per unit area becomes: 


rt ee 
os Ve de; +2dnléen / 


This shows that the capacitance due to the insulator (; /d;) is in series 
with capacitances of the two metal contacts (€n/dm). The latter quantity 
can have an important effect on thin insulating layers (d; < 5 0A), reducing 
the measured capacitance. It determines the maximum possible capaci- 
tance of such a structure: 


Em 
Cake _ 2d, = 5.6 pf/cm? (3-20) 


if the previously given value of d,, is inserted. 


3-3 DEFECTS IN INSULATORS 


Many kinds of defects exist in insulators and they can all influence the 
conduction properties in one way or another. In some cases this influence 
is direct, by the movement of charged defects; in other cases, it is in- 
direct, by a change in the electronic conductivity. 

Consider first the intrinsic defects. All common insulators have two 
kinds of intrinsic defects: A Frenkel defect consists of a vacancy and an 
interstitial atom of the same kind, a Schottky defect of two vacancies 
of different ions, to preserve charge neutrality. For thermodynamic 
reasons, these defects are present even in perfectly pure materials with 
ideal crystal structures. This is analogous to the fact that there are 
always some electrons above the Fermi level at any finite temperature. 
The number of these defects is determined by the. temperature, by the 
vapor pressure of the constituents of the insulator at that temperature, 
and by the number and distribution of impurities and other kinds of 
defects. These defects and their relationship to impurities are responsible 
for ionic conduction which will be discussed in the following section. 
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Impurities are also a kind of defect. They may act as donors or accep- 
tors. In contrast to the semiconductor case, impurity energy levels lie 
very deep (> 0.1 ev) in insulators and carriers are not excited from them 
by thermal energy. Excitation may, however, be caused by photon absorp- 
tion or impact ionization. Due to the inverse process the impurities may 
act as traps, which have already been discussed in Chapter 2. They also 
reduce the mobility of the carriers, particularly if they are charged. 

Other kinds of structural defects are stacking faults, dislocations, 
grain boundaries, and other combinations of the simple defects. They 
may or may not act as traps or scattering centers. In some cases they in- 
crease the breakdown strength of the pure material. A more complicated 
situation is the amorphous insulator, such as will generally be used for 
the gate insulator. Defects are then no longer clearly defined (Chapter 4). 

One type of defect, which may be present in any kind of insulating 
layer, is a void or conglomeration of vacancies. They may adversely 
affect the properties of the layer in various ways. If the voids reach the 
surface they may be filled up with metal atoms during deposition of the 
gate. They may increase the surface area, thereby increasing the prob- 
lems due to absorbed ions. Finally, they reduce the breakdown strength 
of the layer because of their reduced dielectric constant. 


3-4. IONIC CONDUCTION 
1. Mechanism 


The forces holding an insulator together are generally ionic in charac- 
ter, in contrast to the forces in metals and semiconductors. This means 
that the building blocks of an insulator are ions with closed shells of elec- 
trons, which are tightly bound. The binding force is the Coulomb 
attraction of the ions. The tightly bound electrons cannot partake in 
conduction; in other words, the Fermi level lies in the middle of a large 
energy gap. This is a very simplified picture, and materials with combined 
ionic and covalent binding also may be insulators, such as some of the 
II-VI and III-V compounds. 

At all temperatures above absolute zero, the thermodynamic equili- 
brium lattice is not a perfect lattice but, rather, a structure containing 
a certain number of vacancies and other imperfections. Furthermore, 
there is a certain probability that these imperfections, and therefore the 
lattice ions, may move. This is the process of diffusion. When an electric 
field is applied to the insulator, diffusion of the electrically charged ions 
will take place preferentially along the field lines, causing current to 
flow. Diffusion takes place by “hopping” of ions from one vacancy (or 
interstitial position) to another and depends exponentially on temperature: 


D = D,e7S#'*T (3-21) 
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The Einstein equation relates diffusion and low-field conductivity: 
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gape asd N py e-asine (3-22) 
kT kT ~° 


Here AE is the activation energy (the height of the potential barrier over 
which the ion must pass in moving from one lattice position to the next) 
and N is the number of mobile charge carriers (vacancies or interstitial 
ions). An experimental demonstration of this behavior is shown in Fig. 
3-11.18 The purest KCl follows Eq. (3-22) over most of the temperature 
range with AE = 2.0 ev. This is the intrinsic ionic conductivity of the 
material. 

Figure 3-11 shows that doping 
the KCl by replacing monovalent 
potassium with divalent barium — 
increases the conductivity in the 
low-temperature range (extrinsic 
conductivity). The reason for this 
is that for every Ba atom intro- 
duced, an additional potassium 
vacancy must also be formed to 
preserve charge neutrality. The 
number of vacancies, N_ [Eq. 
(3-22)] can become much larger 
than the intrinsic concentration. 

Even if the extrinsic conduc- 
tivity is taken into account, the 
low-field ionic conduction will 
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generally be too small to have any 
effect. However, the situation is 
analogous to the case of electronic 


Figure 3-11. lonic conductivity of pure and 
doped KCl. The percentage of BaC1, in the 
sample is indicated (after Kelting and Witt?’). 


conduction out of impurity states 

(Fig. 3-Sc), since in both cases the carrier is located in a Coulomb type 
of three-dimensional well. A large applied field causes field emission, and, 
in the present case, field emission of the ion out of its well. The conduc- 
tivity is no longer constant, but strongly field-dependent. Because the 
actjvation energy for diffusion is of the same order of magnitude as the 
ionization energies for electrons, these processes are expected to become 
important at comparable field strengths (10° v/cm). 

Generally, the d-c ionic conductivity decreases during the time the 
field is applied, because ions cannot be injected or extracted from the 
material (exceptions will be discussed in the following section). After an 
initial current flow, negative and positive space charge starts to build up 
near the two electrodes. This causes a distortion of the potential distri- 
bution, as shown in Fig. 3-12a. When the external field is removed 
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(Fig. 3-12b), large internal fields remain which cause some, but not all, of 
the ions to flow back toward their equilibrium positions (Fig. 3~12c). 
This shows that for slowly varying high fields, large hysteresis effects 
will appear. 


YU 


(c) 


Figure 3-12. Schematic field-distribution in an 
insulator (a) at the point where ionic conduction 
has saturated, (b) after removal of the field, and (c) 
after final equilibrium has been reached. 


2. Formation of an insulating layer; oxidation and anodization 


The thin insulating layers required for the insulated-gate field-effect 
transistor can be formed in two different ways. In the first case, the insul- 
ator is deposited onto the semiconductor, either from a gas by chemical 
reaction, from a solution, from a melt, or by evaporation in a vacuum 
(cf. Chapter 9). If the constituents of the insulator are different from 
those of the semiconductor, there is little interaction between the two, 
except for formation of surface states. The theory of the ionic conduction 
discussed in the previous section should, then, adequately describe con- 
duction in that material. 
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The second way of forming an insulating layer is by growth from the 
semiconductor itself, either by oxidizing the semiconductor or by ano- 
dizing it. The nature of these processes in the growth of SiO, is the 
subject of Chapter 4. The present discussion merely outlines their 
relationship to conduction through the insulator. Anodization is the 
introduction of an ion (generally oxygen) into the semiconductor from 
an electrolytic solution under an applied electric field, thereby forming 
a compound. The insulating layer grows by field-aided diffusion (ionic 
conduction) of oxygen ions, semiconductor ions, or both through the 
already-formed compound. Because of the ionic nature of anodization, 
large fields are required [(5-25) x 10° vicm]. Typically, one volt applied 
will cause the oxide to grow 4-20 A. 

Electric fields applied subsequently during device operation are not 
expected to affect the oxide by ionic conduction so long as they remain 
below the anodizing values. In actual practice it is found, however, that 
even fields lower than the anodizing field may cause breakdown of the 
completed insulating layer because of imperfections. In the electrolytic 
bath, such breakdown is prevented by a self-healing process. 

Oxidation is a restricted form of anodization in the low temperature 
limit: The electrolyte is an oxygen-containing gas and no external field 
is applied. The electric field is an internal one caused by difference in 
chemical potentials between the phases. If the oxide layer is continuous 
and without pores, the field decreases as the layer grows, and eventually 
drops below the value required for ionic conduction. This limiting thick- 
ness value is observed at low temperatures. 

As the temperature is raised the diffusion becomes rapid enough so 
that the gradient of the ion concentration causes continued growth of 
the oxide layer beyond the low temperature limiting value (thermal 
oxidation). Such layers may differ considerably from ones produced 
by anodization because of the different driving forces in the two cases. 


3. Interaction of electronic and ionic conductivity 


Ionic conductivity is too small to cause any observable currents, so 
long as one stays below the anodization field. Nevertheless, the ions 
migrate when a d-c field is applied for sufficiently long periods of time. 
This causes a build-up of space charges, as shown in Fig. 3-12, and 
increases the field at the electrodes. These fields may reach sufficiently 
high values to cause Schottky emission or tunneling, and free carriers 
are injected into the conduction band of the insulator. For small fields 
this will produce only a small current flow. The gate resistance is reduced 
somewhat. In practical operation, fields may be sufficiently large to cause 
dielectric breakdown when a sizeable number of injected carriers is 
present. 
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As the ionic charges accumulate near the insulator interfaces (Fig. 
3-12a), they affect the surface conductance of the semiconductor. They 
act just like the electronic surface charges that were discussed in Chapter 2. 
They bend the bands in the semiconductor and may anchor them at a fixed 
energy level. In this way, ionic conductance can modify both the channel 
conductance and the transconductance of the field-effect transistor. The 
difference between electronic and ionic surface charges is that the latter 
respond only to very low frequencies. 

lonic conductivity also has a very different long-term effect. The 
SiO, layer may be.grown by an anodic process (Chapter 4). If the gate 
voltage has the same sign as the anodizing voltage, ionic conduction will 
cause the insulator to grow if oxygen is available at the surface (e.g., by 
diffusion through the gate contact). The reverse process will take place at 
high enough fields without such a restriction. It can lead to the formation 
of gas pockets under the gate electrode. There may also be other electro- 
lytic phenomena taking place, e.g., an electrochemical reaction between 
the gate metal and the insulating layer. 

It is obvious that a change in insulator thickness will cause not only a 
change in electronic processes, particularly the breakdown voltage, but 
will also affect the capacitance of the gate, thus changing the operating 
conditions of the transistor. 

This discussion shows that it is the combination of electronic and 
ionic conduction that has the most important influence on the operation 
of the insulator. Ionic current flow is small and takes place very grad- 
ually; but its effects are large on the electronic properties that are related 
to the gate performance of the transistors. 


3-5 SURFACE CONDUCTION 


So far, conduction through the bulk of the insulator has been discussed. 
From a device point of view, conduction along the surface of the insulator 
is just as important and may well be the dominating process. 

Some of the surface conduction phenomena are similar to the bulk 
conduction phenomena. For example, there are dangling bonds at the 
surface in the covalent description which cause electronic states in the 
forbidden gap (Tamm states). Electrons may conduct through these 
states by tunneling (hopping). Ionic conduction takes place more readily 
because two rather than four bonds (for a tetrahedral crystal structure) 
need to be broken when an ion leaves its position. These effects are, 
however, usually negligible in the actual device, because the field along 
the surface is smaller than that across the bulk. 

The loose bonds on the surface encourage adsorption of impurities 
and may strongly influence the conduction properties. These effects 
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have been studied extensively in the case of semiconductor surfaces,’ but 
similar detailed investigations have not yet been made in the case of 
insulator surfaces. It is obvious that the adsorbed ions will move in the 
electric field and produce a considerably higher conductivity than the 
insulator ions because they are less tightly bound. Consequently, the 
adsorbed ions may have sufficient conductivity to modify the operation of 
the device, even in the low fields that exist along the surface in a good 
design. 

Adsorbed surface atoms may also produce direct electronic conduc- 
tivity if they introduce a sufficient number of electronic states in the 
forbidden gap to allow impurity conduction by hopping. This is a tunnel- 
ing process and it behaves similarly to other tunneling currents. However, 
no such effects have yet been observed on semiconductor surfaces, and 
they can also be expected to be small in the case of insulator surfaces. 
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Growth and Properties of Thin 
SIO, Films 


Akos G. Revesz 


4-1 INTRODUCTION 


The gate electrode of the MOS field-effect devices is isolated from the 
conducting material by an insulating film. Direct electronic interactions 
take place between electronically active centers (traps) in this film and the 
conducting material, and there is a high electric field across the insulator 
(leading to possible ionic displacements). Consequently, the requirements 
on this film are much more stringent than those concerning the passivating 
SiO, films on various silicon devices (e.g., planar transistors). The 
problem is to establish a well-defined structure which fulfills the following 
basic requirements: 


1. Proper insulation to withstand the maximum applied field; 


2. Surface states characterized by a definite surface potential (i.e., a definite 
density of states per cm? and distribution per energy range) and having a 


proper distribution of response times; 
3. Stability, i.e., prevention of any change in the nature and distribution of the 
surface states by migration of the active centers. 


There are many possible compounds and methods of preparation of these 
compounds which might fulfill these conditions. However, the discussion 


83 


84 GROWTH AND PROPERTIES OF THIN SiO, FILMS SEC. 4-2 


will be restricted to SiO, films produced on Si surfaces by thermal 
oxidation. Evaporated films are discussed in Chapter 9. 

Relating the behavior of these films to well-understood basic prin- 
ciples is hampered by the fact that the SiO, films are noncrystalline. The 
knowledge of imperfections, which play a very important role in all 
aspects of the insulating film, is much less for noncrystalline than for 
crystalline solids. These films are thin, less than one wavelength of 
the visible light, and their properties deviate considerably from bulk 
properties. 

Since the structure of SiO, films including imperfections is predomi- 
nantly determined by the method of preparation, these methods will be 
described after a brief outline of oxidation theories. The bulk properties 
of noncrystalline SiO, will be discussed from the standpoint of imper- 
fections. Finally, the interface behavior of silicon-oxide-electrode 
systems will be described, with emphasis on the role of the oxide film. 


4-2 THE GROWTH OF Si0, ON SILICON 
1. Outline of oxidation theories 
The growth of SiO, by oxidation of Si follows the reaction: 
Sis) + Oxy > S10 4) — AGF (4-1) 


The standard Gibbs free energy (free enthalpy), AG?, of this reaction is 
very large and decreases with increasing temperature. This means that 
the oxidation of silicon is very probable from the standpoint of thermo- 
dynamics even at very low pressures of oxygen. The calculated equi- 
librium pressures of oxygen, using the data of Kubaschewski and Evans! 
are, for instance, 10-3” and 10°71 atm for temperatures of 900°K and 
1500°K, respectively. 

Chemical reactions generally need a definite activation energy for 
their start. Since oxidation is basically the formation of a new phase, it 
is a nonequilibrium process and a so-called “driving force” (e.g., oxygen 
pressure higher than the equilibrium pressure) is needed for the growth. 
Depending on how the activation energy and the “driving force” are sup- 
plied, various methods can be distinguished, the two most important 
being thermal and anodic oxidation. 

Because the molar volume of noncrystalline SiO, is about 2.2 times 
larger than that of silicon, oxidation of silicon results in a protective 
oxide film.? The important factor in determining the growth of the film is 
the manner in which the reacting species is supplied to the interface 
where the growth occurs. The concentration gradient of the migrating 
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species, the electric field in the film (due to adsorption of ions, space- 
charge regions, and applied voltage), the imperfections in the film, and the 
interactions between these factors determine the kinetics of the process 
and the atomic structure of the oxide film. Some of the possible rate- 
determining steps, the corresponding rate equations, and the approximate 
thickness range in the case of thermal oxidation are shown in Table 4-1. 


Table 4-1 Rate-Determining Processes in Thermal Oxidations 


Rate determining 


Describing equation 


Range of thickness 


process i 
Chemisorption d;= K,log (at+ ty) | a few monolayers 
Electron tunneling d;= Kz log (bt + to) d;<~50A 
T= A K,logt d,<~80A 
Ion transfer in : 
electric field d?= Kat i 
d?=Kst d; < 1000 A 


ff 


Diffusion d?= Kt di > hy 
(Wagner) | 


d,; = thickness of the film; K = rate constant; 4; = Debye length in SiO, under the specific 
conditions; f = time; a and b are constants. 


2. Thermal oxidation 


Oxygen and/or water vapor ambients are used for the thermal oxida- 
tion of silicon. Both the gaseous atmosphere and the silicon may contain 
impurities which influence the growth kinetics. Preoxidation surface 
preparation is of utmost importance to achieve good, reproducible results. 

THERMAL OXIDATION IN PURE OXYGEN. The first step of the oxida- 
tion is the adsorption of oxygen on the surface. The adsorption may be 
physical or chemical, depending on the binding energy which is less than 
10 or in the range of 100 kcal/mole, respectively. Brennan et al.* meas- 
ured the heat of adsorption of oxygen on evaporated silicon films while the 
surface coverage, 0, was increasing from zero to one. The maximum 
measured heat of adsorption was 230 kcal/mole. This value corresponds 
quite well to the heat of formation of SiO, at 25°C, which is approximately 
210 kcal/mole. This indicates that the bonding in the surface layer is 
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probably very similar to that in the bulk oxide. They also found that the 
coverage was one atom of oxygen per surface silicon atom. The heat of 
adsorption after the formation of one monolayer was found by Law‘ to 
be 5.8 and 9.4 kcal/mole for 6 = 1 and 2, respectively, in the temperature 
range of 0-50°C. These values of activation energy are characteristic of 
a physical adsorption. The rate of adsorption and sticking probabilities 
as a function of temperature and oxygen pressure found by various 
workers are not in complete agreement. Wolsky*® described the room 
temperature oxidation of an ion-bombarded and annealed (100) silicon 
surface by the following equation: 


N,= 3.85 X 104+ 0.915 X 10" logy ot (4-2) 


for po,= 3 Torr and | < ¢ < 1000 min, where N, is the surface density of 
oxygen atoms adsorbed in t minutes of exposure to oxygen. No evidence 
of pressure dependence was found. Law‘, on the other hand, found that 
the rate of adsorption (for 1 < 6 < 2) depends on the pressure of oxygen 
according to the equation: 


ux = apy; exp (-bN) (4-3) 
for 1074 < Po, < 4X 10? Torr and t < 100 min, where a and b are con- 


stants. Integration of Eq. (4~3) gives: 


N,= : in apo. bt + exp[bN,] (4-4) 
The square-root dependence on the pressure indicates that oxygen is 
present on the surface as atoms. To explain Eq. (4-3), it was stipulated 
that the activation energy for the process increases linearly with the 
coverage, 1.e.: 


E = 5.76 X 103+ 3.65 X 102 [N,—N,] cal/mole (4-5) 


The final conclusion was that a rapid chemisorption up to a monolayer of 
oxygen atoms is followed by a slow logarithmic process. This process is 
related to a rearrangement of the surface structure as was shown later by 
Lander and Morrison,® who investigated silicon surfaces by low energy 
electron diffraction. Schlier and Farnsworth’ reported that the rate of 
adsorption was proportional to the pressure for py, < 10-° Torr, and 
depended on the preceding treatment of the crystal. The initial sticking 
probabilities of oxygen on silicon at room temperature have been meas- 
ured and earlier data tabulated by Hagstrum.? The values vary from 
0.1 to 0.18, depending on the method of measurement, orientation of 
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the crystal, and preceding treatment. The sticking probability decreases 
three orders of magnitude in going from one to five layers of oxygen on the 
surface as was shown by Law and Francois.” 

After adsorption, the oxidation begins. The results obtained by 
various workers are summarized in Table 4-2. It is evident that both the 
experimental conditions and the results vary, and the correlation between 
them is not good. Nevertheless, it is useful as a starting point in practical 
applications to summarize the results in a concise form. The growth of 
the oxide film in oxygen at 1 atm. pressure can be described with a reason- 
able approximation by the equations: 


d?} = 2 X 10°®texp ¢- Ee 


ie) 1300°K < T < 1500°K (4-6) 


and 


d? = 3 X 10"texp (-7F 


iF) 1000°%K <T<1300K 7 
where d, is in Angstroms and ¢ is in minutes. For low temperatures and/or 
small thickness, this approximation is less accurate because of the temper- 
ature dependence of the activation mechanism and the deviations from a 
parabolic growth law. 

An important fact should be mentioned. Several workers showed 
either by radioactive methods ':?!-?? or by marker experiments’® that 
the diffusing species during oxidation is oxygen. Jorgensen’® proved 
by imposing an electric current through the oxide film by porous elec- 
trodes that the oxygen is in an ionic form and its migration is accompanied 
by an appreciable flow of electrons and/or holes. It is not clear whether 
the oxygen diffuses by a vacancy and/or interstitial mechanism. 

THERMAL OXIDATION IN THE PRESENCE OF WATER VAPOR. Because 
the growth rates in an oxygen ambient are rather low, water vapor is 
often introduced to speed up the process. The adsorption of water on 
silicon was investigated by Law and Frangois® by a flash desorption 
technique. The amount of desorbed water corresponds to a surface den- 
sity of 2 x 10” to 8 x 10” molecules/cm’ at 300°K for the pressure 
range of 2 x 10-7 to 6 x 10-® Torr of water vapor. The amount of 
desorbed hydrogen was about ten times larger than that of water. This 
effect was probably caused by the decomposition of water on the surface 
due to the formation of Si-O bonds. 

The adsorption of water results immediately in the formation of oxide. 
The results of investigations concerning the growth of the oxide film in 
the presence of water vapor are summarized in Table 4-3. These 
results are even less consistent than those for oxidation in pure oxygen. 
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However, comparing the oxidation in oxygen to that in the presence of 
water vapor, we make the following qualitative observations: 


1. The growth rate is generally higher in the presence of water vapor than in 
oxygen alone; 


2. The activation energy, in some cases, is less in the presence of water vapor; 


3. The range of surface reaction or other nondiffusive rate controlling 
mechanisms extends to higher thickness values (depending on the tempera- 
ture and the pressure of water vapor) in the presence of water vapor; 


4. One of the consequences of the shift mentioned earlier is that the influence 
of the crystallographic orientation of the silicon substrate is more marked 
in the presence of water vapor. 


In connection with high-pressure steam oxidation, the following facts 
should be noted: The growth rate becomes nonlinear at relatively high 
pressures and long oxidation times (probably due to the ‘“‘solubility” of 
SiO, in steam). Above a certain pressure, etching of silicon occurs 
instead of oxide growth. The pre-exponential part of the rate constant, 
K,’, is inversely proportional to the absolute temperature. 

To condense the data of Table 4-3 into a usefully concise form, it is 
found that the growth of the oxide film in steam at 1 atm. pressure is 
approximately given by: 


d? = 1.5 10°rexp (-) 1300°K <T<1500°K 4-8) 


where d; is in Angstroms and fis in minutes. In view of the less consistent 
results in this case, the accuracy of this approximation is not as good as 
that given before for oxidation in dry oxygen. 

INFLUENCE OF IMPURITIES ON THERMAL OXIDATION. The growth of 
an oxide film is a transport process and depends very much on the 
presence of imperfections in the oxide. It is convenient to treat this 
problem in two ways, depending upon whether the impurities are in the 
bulk silicon or introduced from the ambient during oxidation. This divi- 
sion is arbitrary because of the possible interactions between the two kinds 
of impurities. 

A redistribution of the electrically active bulk impurities may take 
place during the oxidation in the silicon close to the Si-SiO, interface as 
shown by Atalla and Tannenbaum.’ This redistribution may lead to an 
accumulation or a depletion region, depending on the distribution coef- 
ficient of the impurity at the interface, on its diffusion coefficients in the 
silicon and in the oxide, and on the rate and time of oxidation. If two 
types of impurities are present in the silicon and their distribution coef- 
ficients or diffusion coefficients in the silicon differ, a p—n junction can be 
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formed close to the Si-SiO, interface by thermal oxidation. If the concen- 
tration of impurities in silicon is high enough, they may influence the rate 
of oxidation. According to reference (15), this limit is about 5 x 1018/cm?. 
The influence of impurities may be related to a change in the reaction rate 
at the Si-SiO, interface or to a different diffusion coefficient of the OxI- 
dizing species through the oxide if the impurities penetrate the oxide. 
Indeed, Ligenza2‘ reported that a concentration of 10°’ phosphorus 
atoms/cm? at the surface of silicon increased the linear growth rate by a 
factor of 5.7 for steam oxidation at 650°C and 120 atm. On the other 
hand, Yeh?® has shown that a concentration of 2 x 10! phosphorus 
atoms/cm* at the surface resulted in a great increase of the parabolic 
growth rate compared to that for a concentration of 5 x 10'* boron 
atoms/cm? for steam oxidation at 970°C and 1 atm. The phosphorus was 
rejected by the oxide causing an accumulation, while boron was probably 
dissolved in the oxide, leading to a depletion in the silicon near the surface. 

Turning now to the problem of impurities that originate in the oxidizing 
ambient, the first question is related to the oxygen itself. Since oxygen is 
the migrating species during oxidation and the growth occurs at the 
Si-SiO, interface, the possibility of dissolution of oxygen in silicon has to 
be considered. The solubility of oxygen in silicon at 1000°C is about 
2 < 10'7 atoms/cm*.*® During the cooling period after the oxidation or 
during further processing at a temperature 300 to 500°C, the oxygen in 
silicon may lead to the formation of donor levels at 0.09 and 0.13 ev from 
the conduction band. It may also react with other impurities, and even 
precipitation of SiO, may occur. These complex reactions have been 
treated by several workers.*! From the standpoint of the defect structure 
of the oxide, water vapor in the oxidizing ambient is also an impurity. 
Nitrogen is a common component of the oxidizing ambients and the 
possibility of the formation of silicon nitride’? cannot be excluded. The 
free energy of the formation of one mole SiO, is greater by a factor of 2 
than that of the formation of one mole Si,N, at 1300°K. The factor is 
about 6.2 if the calculation is based on one gram of silicon instead of one 
mole of the product.! However, these two reactions cannot be directly 
compared from the standpoint of kinetics because of insufficient infor- 
mation. If oxygen is replaced in the SiO,, nitrogen could also decrease or 
increase the oxidation rate, depending upon whether oxygen diffuses in 
the oxide through interstitial or through vacancy sites.*4 Because of the 
uncertainties involved in both the kinetics of nitridization and the mech- 
anism of oxygen diffusion, it is advisable to avoid the use of nitrogen. 

Technologically, the presence of doping elements (e.g., boron, gallium, 
phosphorus, arsenic) or compounds of these elements in the oxidizing 
ambient is very important in processes using complete or partial masking 
by the oxide film. The doping agents also affect the oxidation process 
itself. As a matter of fact, the oxide growth and the diffusion of the doping 
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elements through the oxide, and eventually into the silicon, are very 
intimately related processes. Further details are given by Thurston and 
Ki Dong Kang’ who also give many references related to this problem. 

The oxidation is generally performed in a resistance-heater furnace 
using a fused silica tube. A negative temperature gradient exists between 
the tube and the specimen, and impurities originating in the tube may be 
deposited on the specimen. At high temperatures, water vapor may also 
diffuse through the tube or the “water” of the tube may diffuse out and 
change the oxidizing ambient. 


4-3 THE STRUCTURE OF Si0, 


Silicon dioxide has three basic crystallographic forms which are stable in 
the following temperature ranges: 
870°C ——{——_ 1470°C 


fo} 
Quartz Tridymite Grstobaite” | 710°C(m.p.) 


The transitions between the three basic forms are very sluggish because 
Si—O-—Si bonds must be broken (reconstructive transformations). 
Therefore, these forms can exist quite easily in thermodynamically meta- 
stable conditions. Each form has a low- and high-temperature modi- 
fication, (a and 8, respectively). The transition ranges are: 


a-B quartz: 573°C 
a-B tridymite: 120-160°C 
a-B cristobalite: 200-275°C 


These transitions are relatively easy because there is no change in the 
first coordination (displacive transformations). The fact that the a-8 
transitions are generally characterized by a temperature range instead of 
a well-defined temperature is primarily due to impurities. There is even 
doubt concerning the existence of tridymite as a pure SiO, modification 
without incorporated impurities.” Silicon dioxide may also exist in a non- 
crystalline (amorphous) form as fused silica, which is obtained by slow 
cooling of molten quartz. 

The SiO, films formed by the methods described earlier are generally 
noncrystalline. Exceptions are the films mentioned in reference (10) for 
oxidation times exceeding 100 minutes, or the films heated at 1200°C for 
about 16 hours resulting in a-cristobalite and quartz. The oxidation 
described in reference (12) also resulted in cristobalite, probably due to 
the high temperature and long oxidation time. 

By comparing transmission and reflection electron-diffracting dia- 
grams of specimens prepared and oxidized by various methods, Revesz** 
concluded that the oxide film forms in the noncrystalline state but surface 
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imperfections may act as crystallization centers during a later stage of the 
growth. The product of the devitrification was generally a-cristobalite, 
and sometimes f-cristobalite or quartz (but never tridymite). It was 
revealed only by reflection, never by transmission diffraction. Lander and 
Morrison® also did not find crystalline SiO, by low-energy electron 
diffraction in the first stages of oxidation. It is of interest to note that 
devitrification of fused silica results in B-cristobalite, which nucleates at 
surface impurities; its growth rate is enhanced by at least an order of 
magnitude by the presence of water vapor and/or oxygen in the gas 
phase.** It is evident that localized crystallization (devitrification) of an 
otherwise homogeneous noncrystalline SiO, film on Si should be avoided 
because of the possibility of the formation of various discontinuities. 

The defect structure of the SiO, films is of utmost importance from the 
standpoint of almost all properties of MOS devices. The usual concepts 
of imperfections as applied to crystals are not completely applicable to 
these films because of their noncrystalline nature. Therefore, the struc- 
ture of noncrystalline solids will be discussed before a description of 
imperfections and their role in these solids is given. 


1. Structure of noncrystalline solids 


Whether solidification of a liquid or condensation of a vapor phase 
will result in a crystalline or noncrystalline form is a matter of compe- 
tition between nucleation and crystallization. By a proper choice of the 
forming conditions, such as the quenching temperature for condensation 
from vapor or the overvoltage for electrolytic deposition,”* almost any 
material can be obtained in the noncrystalline state. Characteristic of 
this state is the lack of long-range order in the structure. From this point 
of view, a solid in this state is similar to a liquid. If the noncrystalline 
state has been reached by the supercooling of a liquid so that it solidifies 
without crystallization, the solid is in the vitreous state (glass). Such a 
solid differs from a liquid in the sense that its relaxation time (the time 
required for the structure to adjust itself to new conditions) is much longer. 
Noncrystalline solids may also be considered as aggregates of very small 
crystallites whose dimensions are of the order of the lattice constant. 
Because studies on noncrystalline solids were, until very recently, almost 
completely restricted to glasses, the concepts and results of studies on 
glass will be applied to the noncrystalline SiO, films. 


2. Structure of vitreous SiO, 


As a first approximation, the generally accepted structure of fused 
silica is a continuous three-dimensional network of silicon and oxygen 
atoms (ions). This is Zachariasen’s random network model of glasses.*® 
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In the ideal case, each silicon atom is surrounded tetrahedrally by four 
oxygen atoms, and these tetrahedrons are joined together at their corners 
by oxygen bridges. The Si—O distances (short-range order) are very 
closely the same as in the crystalline forms of SiO, (~ 1.6A), but the 
long-range order is almost completely missing. The network is very loose 
(only 43% of the total space is occupied®’), and it is looser than any 
crystalline form of SiO, as shown by the density values: 2.65, 2.26, 2.30, 
and ~ 2.20 for quartz, tridymite, cristobalite, and fused silica, respect- 
ively. The over-all structure resembles the cristobalite to some extent as 
shown by density and X-ray investigations; and, as already mentioned, 
crystallization generally results in cristobalite. The energy content of 
vitreous silica is greater than that of cristobalite, but the difference is very 
small (about 1%). This fact is characteristic of the vitreous state in 
general, as pointed out by Zachariasen. It was recently shown by electron 
microscopy** and by the temperature behavior of various optical proper- 
ties,°* that there are domains in the network which resemble the structures 
of the different crystalline forms of SiO,. These domains are smaller than 
about 10-° cm and are not revealed by X-ray diffraction. Others [see 
reference (36)| conclude from X-ray diffraction analysis that there is a 
tendency to form rings with six silicon atoms, and the necessary broken 
oxygen bridges are due to fast cooling from high temperature and/or to 
the incorporation of impurities, especially OH™ ions. For the purpose at 
hand, the simple random network theory will be sufficient. 


3. Defect structure of vitreous Si0, 


Although vitreous SiO, could be considered as a crystal full of 
defects, the ideal network, as defined previously, will be considered here 
as a defect-free material; any deviation from the ideal condition will be 
called defect. Furthermore, SiO, will be treated as an ionic compound 
although the Si—O bond is considered to have about 50% ionic and 50% 
covalent character. Both assumptions are based on various optical and 
mechanical properties of SiO, compared to those of ionic crystals.** The 
concept of defect as applied to the Si—O network is very similar to that 
used in the field of ionic crystals. Due to the random and rather loose 
nature of the network, the variety and possible combinations of imper- 
fections in vitreous SiO, exceed those in ionic crystals. Following 
Stevels and Kats,*° the most important imperfections in vitreous SiO, are 
as follows: 


1. A silicon vacancy is not very probable because of the very high energy of 
the Si—O bonds; but a similar defect may exist under certain conditions. 
This defect is a reduced form of silicon. 
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2. Silicon may be replaced by network-forming (e.g., B?*, P°t, As®*) or 
intermediate (e.g., Al?+, Titt, Be?*+) ions. The oxides of the network- 
formers can form glasses alone, whereas the intermediate ions can replace 
the network-formers in an existing network and/or become interstitials.. 

. Bridging oxygen vacancy. 

. Individual nonbridging oxygen vacancy. 

. Nonbridging oxygen interstitial which is still associated with the network. 


. Individual interstitial oxygen (not part of the network). 


Replacement of oxygen by another anion. 


on KN NW fh OW 


. Interstitial cations, network-modifiers, or intermediates (e.g., Na, K, 
Ba, Al). 


9. Silicon itself may occupy an interstitial position if the stronger network- 
former phosphorus replaces it. This structure is analogous to that of SiP,O; 
where the Si** ion is surrounded by six oxygen ions, and the P** ion by 
four oxygen ions, i.e., the Si** is in the position of a network-modifier. 


10. Interstitial anion other than oxygen. 


Most of these defects are shown in Fig. 4-1. Reactions between the 
various impurities can, of course, occur; hence, a great variety of combi- 
nations is possible. 


4-4 PROPERTIES OF SiO, FILMS 


Properties of solids and phenomena related to them can be classified 
on the basis of various criteria, e.g., sensitivity to imperfections, the 
level of occurrence (macroscopic, atomic, or electronic), the nature of 
interactions (weak or strong), or the extent of interactions (close neigh- 
bors or many atoms). The same criteria can be applied to noncrystalline 
solids, but the distinction between various classes may become less 
sharp. The loose structure of noncrystalline SiO, and the great variety 
of imperfections make the distinction between macroscopic and atomic 
phenomena, or between imperfection-sensitive and insensitive properties 
often very difficult. Additional difficulty is caused by the ability of a non- 
crystalline solid to adjust its structure during the measurement. The time 
of the measurement should be smaller than the relaxation time character- 
istic of the phenomenon under investigation. Because the SiO, films are 
thin, interface effects may have great influence on the measurements and 
on the inferred properties. This is especially true for electrical measure- 
ments where electrode effects may completely mask the ““ bulk” properties 
because of the large Debye-length of SiQ,. 
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ACCEPTOR TYPE NETWORK FORMER OR INTERMEDIATE 
DONOR TYPE NETWORK FORMER OR INTERMEDIATE 
BRIDGING OXYGEN 

NON- BRIDGING OXYGEN 

BRIDGING OXYGEN VACANCY (Vop) 

INDIVIDUAL NON-BRIDGING OXYGEN VACANCY (Von) 


NON-BRIDGING OXYGEN INTERSTITIAL 
(ASSOCIATED WITH THE NETWORK) (0; q) 
INDIVIDUAL INTERSTITIAL OXYGEN 
(NOT ASSOCIATED WITH THE NETWORK) (Oj) 


UNIVALENT ANION (EQ.OH7)IN THE POSITION OF 
NON-BRIDGING OXYGEN 


INTERSTITIAL CATION (NETWORK MODIFIER OR 
INTERMEDIATE ),e.g.,Na* 


INTERSTITIAL CATION (NETWORK MODIFIER OR 
INTERMEDIATE ),e.g., Ba** 


Figure 4-1. Schematic two-dimensional representation of a 
noncrystalline SiO, network containing various defects. 
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In this section, the morphology and gross structure of SiO, films and 
related properties (density and index of refraction) will be discussed 
first. A résumé of transport properties (diffusion and electrical conduct- 
ance) and typical relaxation phenomena will be given, emphasizing the 
role of the coherence of the Si—O network. After a short description of 
close neighbor interactions and point defect effects (e.g., optical absorp- 
tion due to imperfections, magnetic resonance), the interface phenomena 
will be treated. This division is arbitrary to a great extent, and the 
various groups unavoidably overlap. 


1. Gross structure of Si0, and some related properties 


Besides the general structural aspects of SiO,., there are properties 
which are related to the morphology and/or the over-all structure of the 
SiO, films but not to the exact nature of deviations from the “ideal” 
Si-O network and their origin. Ing et al.*! inferred from gas permeability 
measurements on 2-4 yw thick SiO, films, produced by thermal oxidation 
in steam, that the oxide film contained microchannels because even the 
most compact films had permeation constants one or two orders of 
magnitude higher than those of fused SiO,. It was concluded from 
electron microscope investigations that the size of these channels is less 
than 50 A. If crystallization occurred, resulting in crystallites having 
dimensions of 4-40 yw, then the permeation rates increased further by 
several orders of magnitude. The authors stressed the importance of the 
preoxidation surface preparation, rather than the method of oxidation, 
in order to minimize the crystallization. The existence of flaws in therm- 
ally grown SiO, and the relatively pore-free nature of the oxide film grown 
in nonaqueous electrolyte was indicated by Haas*?, who improved the 
insulation resistance of thermally grown SiO, films (as measured in a 
Si—SiO,-electrolyte system) by a factor of 100 by applying anodic bias 
in 0.04 N KNO,—NMAf electrolyte. Since the bias voltage was so low 
that no further growth occurred, the improvement was explained by the 
plugging of the flaws in the SiO, film during the anodic process. Claussen 
and Flower’ reported holes even in films grown by anodic oxidation in 
nonaqueous electrolytes but attributed them to insufficient cleanliness. 

Other properties related to the gross structure (morphology) of the 
SiO, films include density, index of refraction, and dielectric strength. 
Both the density and refractive index can be used to define an index of 
compactness to characterize the reproducibility of the cleaning and 
oxidizing processes by the standard deviation of the distribution of the 
measured values; they can also be used to gain some information on the 


+N-methyl-acetamide. 
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homogeneity of the film. The index of compactness, 5, is defined as 
follows: 


54= (4-9) 


ad 
d, 


or 


_ (— Di? +2) 


on = (n2— 1)/(n2 + 2) 


(4-10) 


where d, and n, are the density and refractive index, respectively, of 
the reference material; d and n are the density and index of refraction, 
respectively, of the material examined. Since some of the published 
values for d and n are higher than those of fused SiO, (d = 2.20, n = 1.460 
for = 5461 A), a-cristobalite can be chosen as a reference material 
(d, = 2.30, n, = 1.486) because of its great structural and thermodynami- 
cal similarity to fused SiO,.27 From the reported values of density and 
index of refraction!7!927344 the following conclusions can be drawn. 
In the case of thermal oxidation, the highest values were reported*® for 
oxide films grown in steam at 50 to 100 atm pressure and 650°C. These 
values are d= 2.32 and n= 1.475 (84= 1.009 and 6, = 0.980). The 
lowest density,!7 d = 2.05, and refractive index,?’ n = 1.445, were found 
for films grown in atmospheric steam at 1200°C and 900-1000°C, respect- 
ively. The corresponding values of the index of compactness are 
54 = 0.892 and 8, = 0.927. For films grown in pure oxygen, density 
values vary from 2.23% to 2.27!” and the refractive indices from 1.450% 
to 1.458,2° corresponding to 0.970 < 6g < 0.986 and 0.935 < 6, < 0.950. 
For oxide films produced in a mixed ambient of water vapor and some 
other gas (py, < 1 atm), both the d- and n-values are between those for 
atmospheric steam and pure oxygen. 

In those cases where both the density and the index of refraction have 
been determined, a comparison of the 54 and 56, values indicated relative 
differences of 3.50%, 2.96%, and 1.03% for thermal oxidation in oxygen, 
in high pressure steam, and for anodic oxidation in an aqueous electro- 
lyte, respectively, 5g being always higher than 6,. The first two values, 
combined with the observation that the corresponding density and refrac- 
tive index data were much closer to those of a-cristobalite than to the 
respective values characteristic for the anodic oxide, indicate some 
changes in the polarizability of the oxides. These changes are probably 
due to slight differences in the structure of the Si— O networks. On the 
other hand, it was shown?’ that, although the OH ion content of SiO, 
films grown in atmospheric steam at 900°C and 1000°C is quite high 
(about 2 x 10-? moles per mole of SiO,), it alone cannot be responsible for 
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the measured low refractive index (1.445) if the role of OH ions in this 
SiO, film is the same as in fused silica.** The influence of water vapor on 
the formation of macromolecular voids and defects during the oxide 
growth was indicated by the large scatter in the density and breakdown 
voltage, especially when cleanliness conditions were not sufficiently con- 
trolled and condensation of water on the specimens was not prevented.’” 

Breakdown properties show the same trend as density and index of 
refraction. According to Deal,!” the breakdown fields of thermally grown 
oxides varied from 4.9 x 10® to 5.5 X 10° v/cm as the density increased 
from 2.05 to 2.23. Dubrovskii et al.** measured breakdown fields from 
5.0 to 16.6 x 10° v/cm for films grown by anodic oxidation in water. 
Both the polarity of the field and the conductivity type of the silicon 
influenced the measured values. The dielectric strength of SiO, films 
produced by anodic oxidation varied from 2 X 10’ to 5.2 x 108 v/cm as 
the film thickness changed from 600 to 2300 A.** Other investigations 
showed that some properties are functions of the distance from the 
Si—SiO, interface. Edagawa et al.'® reported that, in SiO, films grown 
thermally in steam, the number of Si— O bonds increases within a range 
of 2000 A from the Si— SiO, interface. According to Ishikawa et al.*” the 
SiO, film grown anodically in an aqueous electrolyte has an n—i—p 
structure inferred from the high-temperature-rectification behavior of the 
Si—SiO,— MnO, system. However, other workers!®”? did not find any 
variation of the structure across the oxide film, and it is clear that more 
work is needed to understand the defect structure of these films. 


2. Transport and relaxation phenomena 


Transport phenomena, especially diffusion and electrical conduction, 
are very important from the standpoint of growth, dielectric properties, 
transient behavior, and stability of the SiO, films. They also provide 
information on the defect structure of the oxide. The growth process is 
responsible to a large extent for the nature and distribution of imperfec- 
tions. Since both transport and relaxation phenomena generally involve 
movement of atoms, there is a close relationship between them. 

The diffusing species can be classified as a molecule, an ion which is 
not part of the Si—O network (e.g., Na*), or anion or atom which is in an 
exchange process with the network (e.g., O,, Vo). In some cases, this 
distinction is not clear. The loose nature of the network can be increased 
by application of tensile force or by the method of preparation, leading to 
increased diffusion. Thus, there is a gradual transition to the diffusion due 
to gross imperfections. It is also possible that two or more mechanisms 
are involved in the same experiment (see the following). Diffusion in 
glasses has recently been reviewed by Stevels®* and Doremus.*® 

The rate of diffusion in fused silica is generally much higher than in 
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crystalline solids. The introduction of network modifiers causes a 
decrease of the diffusion rates of gases through SiO, by filling up the 
interstices. In simple sodium silicate glasses, the diffusivity of the sodium 
ion increases with the concentration of these ions, i.e., with decreasing 
coherence of the Si— O network (increasing number of broken Si— O —Si 
bridges). This is the opposite of the behavior of gases. For more complex 
glasses, both types of diffusivity decrease with increasing concentrations 
of the nonsilicon components. A crude scale of decreasing diffusivity is: 
fused silica, borosilicates, alkali-lime silicates, and alumina-lime silicate. 
These effects are utilized to improve the stability of silicon devices by 
depositing alumina-silica or boro-alumina-silica films either on ther- 
mally oxidized or unoxidized surfaces.*” In the following, the discussion 
will be confined mainly to oxygen, water, and hydrogen because of their 
importance in the growth and behavior of grown SiO, films. The data, 
however, were obtained on fused SiQg. 

Norton® calculated the diffusion coefficient of oxygen in silica from 
gas permeation measurements. In the temperature range 900°C to 
1100°C, he found that the activation energy is about 1.2 ev, and Dogs = 
4.2 X 10-° cm?/sec. The rate of permeation was found to be linearly 
proportional to the oxygen pressure, and it was concluded that the mech- 
anism is a molecular flow. Haul and Diimbgen*! used an isotope-exchange 
process to study the self-diffusion of oxygen, and they deduced that for 
900°C to 1200°C, D = 4.3 x 10-* exp(—2.4/kT) cm?/sec. They also 
found that the diffusion coefficient increases linearly with the pressure. 
It was concluded after a comparison of the self-diffusion and Norton’s 
molecular diffusion coefficients, that the concentration of oxygen, as 
molecules dispersed in the interstices of the Si—O network, is about 10° 
moles per mole SiO, at 1000°C. This value corresponds well with 
Norton’s solubility (2.3 X 10~* moles O, per mole SiO,). The activation 
energy of self-diffusion is higher than that of molecular flow because the 
former includes the energy of the exchange process between the mole- 
cular and network oxygen. The latter is only characteristic for the 
molecular flow. According to Sucov,*” the mechanism of the self-diffusion 
of oxygen is the breaking of a single Si-O bond and the subsequent 
interstitial motion of an oxygen ion. The diffusion coefficient for the 
temperature range 925°C to 1225°C is given as: 


(4-11) 


2 
D=1.51 X 10-2 exp (- ir) we 


kT sec 


Because the pre-exponential factor is very sensitive to composition while 
the activation energy is not, it was concluded that the concentration 
of single Si-O bonds (broken Si—O-—Si bridges) may show great 
differences; but the mechanism is essentially the same. 
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It is evident from the various growth processes that water vapor plays 
an important role. Studies on fused SiO, show that the diffusion of both 
hydrogen and water are related to the introduction and removal of 
hydroxyl. Recently, Lee*®* has reviewed the field. The first important 
point he makes is the distinction between permanent and metastable 
hydroxyl. The former develops by the attachment of hydrogen ions to 
nonbridging oxygen ions during the preparation process; the latter is 
incorporated by subsequent reaction with hydrogen or water vapor. This 
incorporation process leads to configurations of varying stability, depend- 
ing upon the means of introduction and/or the localized network structure 
due to the presence of imperfections. The permanent hydroxyl cannot be 
removed by vacuum degassing at 1000°C. Metastable hydroxyl can be 
added above 500°C and fully or partially removed. Besides the two types 
of hydroxyls, both hydrogen and water can be accommodated as mole- 
cules in the interstices of the Si-O network. The solubility, S, and 
diffusivity, D, of molecular hydrogen in silica are given as: 


: | 
S = 9.4 X 10% exp (Gr) meee’ (4-12) 
2 
D = 5.65 X 10-4 exp (- TF) 7 (4-13) 


The solubility and diffusivity behavior of hydroxyl ions produced by 
the reaction between silica and hydrogen is complicated by the conversion 
of metastable hydroxy] to hydrogen gas and by the fact that below 980°C 
the metastable hydroxyl can only partially be removed by degassing. The 
quantities of hydroxyl introduced by water vapor are much higher than 
those due to hydrogen. The diffusion of “water” is not fully understood. 
Both hydroxyl and water molecules are possible diffusing species. It is 
important to note that the reactions between SiO, and H, or H,O are not 
the same despite the hydroxyl as a common reaction product. In the 
presence of impurities, such as aluminum, the reaction product is different. 

The electrical conductivity of solids, either ionic or electronic, is 
related to their defect structure. If this relationship is well-defined, the 
conductivity can be connected to other imperfection-sensitive properties 
by simple equations. If the ionic conductivity is due to one species only, 
it is related to the diffusivity by the modified Einstein relation: 


x £4. (4-14) 


where y is the mobility, zq is the effective charge, D is diffusion coefficient 
of the moving species, and fis a correlation factor.2¢ 
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The mobility is related to the conductivity by the equation: 
o = czqu (4-15) 


where c is the carrier concentration. These relationships are fulfilled for 
sodium, silver, etc., ions in glasses. For vitreous silica, the situation is 
more complicated because the nature of the conducting species is not 
clear. According to Cohen,™ electrons are the current carriers. Wenden” 
attributed the conductance in quartz to the diffusion of oxygen ions, and 
Owen and Douglas** stipulated that the conductance is due to minute 
traces of sodium ions. The latter hypothesis was corroborated by Sucov” 
who found that the activation energy of oxygen self-diffusion (3.1 ev) was 
much larger than that of sodium diffusion.(1.3 ev) and Wenden’s value 
(1.6 ev). Since oxygen ion transport during the thermal growth of SiO, 
has been established,!* conductivity in this high-purity SiO, may be par- 
tially due to oxygen ions. The ionic transport number was found to be 
only 0.40, so electronic current cannot be excluded. It is of interest to 
note that thermal growth of SiO, is generally characterized by an activa- 
tion energy 1.0 to 2.0 ev,!> which is appreciably lower than Sucov’s value 
for oxygen self-diffusion. Thus the relationships between diffusion, 
growth, and electrical conductance are far from being understood. 

Because the ionic conductivity increases exponentially with the 
electric field if the relationship aqg& /kT < / is not satisfied®’ (a = jump 
distance, gq = charge of ions, & = field), the influence of the field on the 
conductivity must be considered. 

The behavior of silica during d-c measurements generally does not 
correspond to that of an ideal dielectric. Various anomalies, such as 
continued discharge currents after the capacitor has been short-circuited, 
have been observed. This behavior is similar to that of an electrochemical 
cell. Sutton®® considered the silica as an electrolyte and analyzed its 
behavior on the basis of electrode polarization for one mobile carrier. 
Charge dissociation and recombination, ionic diffusion and conduction, 
and the concentration of mobile and immobile charges were considered. 
It was concluded that the mobile ion is always positive and that current, 
space charge, and dielectric absorption could be explained by the flow 
of alkali ions alone. Lindmayer®® considered the anomalous charging and 
discharging behavior of insulators on the basis of trapping of electronic 
current carriers. According to this theory, the trapping levels are dis- 
tributed uniformly in the bandgap. The trap density depends on the 
method of preparation of the SiO, film. 

The d-c and a-c behavior of Si— SiO, — Me system, where the metal, 
Me, may be Al, Ti, Au, or Pt, has been recently investigated by Yamin 
and Worthing.®° The oxide was thermally grown and its thickness was 
6000 A. Charge storage and rectification effects were observed in the 
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temperature range of 150°C to 400°C. When the silicon was negative 
relative to the metal, the system showed forward conductance. The 
changeover point between forward and reverse conductance was at zero 
volts for aluminum or titanium, whereas it was at— 1.5 v (voltage of silicon 
relative to metal) for gold or platinum contacts. The effects were ex- 
plained tentatively by electrochemical reactions at the interfaces. Com- 
paring these results with the growth experiment under electric field 
indicates that the moving species could only be oxygen vacancies and/or 
gold ions from the gold electrode. The thermal growth of SiO, in an oxy- 
gen ambient is generally pressure-dependent, while the oxygen vacancy 
mechanism would result in pressure-independent rate; so there is a dis- 
crepancy which is difficult to resolve at present. The rectification effects 
observed in the Si—SiO,—MnO,—Pt system at temperatures 700°C 
to 1100°C are very similar to the phenomena described earlier. However, 
they were explained on the basis of electronic conduction and the 
p—i-—n structure of the oxide.*” At present, it is difficult to assess the 
merits of these theories. The forward characteristics of a Si—SiO,— Al 
rectifying system, where the SiO, is thermally grown and its thickness is 
180 A, has been described by Forlani and Minnaja® by diffusion of 
electrons through the oxide after tunneling through the interfacial 
potential barrier. 

The electrical properties of glass in an alternating field depend not 
only on the mobile ions (or electrons) but also on other relatively immo- 
bile ions, or on dipoles, which are part of the network.® The loss spec- 
trum results from migration, deformation, and vibration losses. Migration 
losses are related to ionic movements, both large-distance (d-c conduct- 
ance) and small-distance (ionic relaxation). Deformation losses are due 
to small displacements of atoms or ions and are connected with acoustic 
losses since both are caused by bending of Si—O —Si bonds.®? The 
vibration loss is a resonance phenomenon arising from the vibration of 
the ions and atoms about their equilibrium positions. Depending on 
temperature and frequency, one of these mechanisms is generally pre- 
dominant. At room temperature, the major contributor is ionic relaxation 
at ~ 10? cps and vibration at ~ 10’ cps, while the total loss is minimum 
at ~ 10’ cps. 

Concerning the influence of impurities on the d-c and a-c behavior of 
fused silica, it is of interest that OH ions alone do not influence the d-c 
conductivity, but they increase the dielectric constant and decrease the 
loss angle in the temperature range of 300°C to 700°C and for frequencies 
lower than 5 kc/s. If the concentration of the OH ions is large, the dielec- 
tric behavior reveals a quartz-like transition at about 575°C. In the pres- 
ence of aluminum, the distribution of OH ions in fused SiO, changes 
under the action of an electric field of 1.5 < 10° v/cm at 1050°C; this 
results in an increasing accumulation toward the anode® and indicates a 
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protonic diffusion. The complex behavior of OH ions in fused SiO, is not 
fully understood. 


3. Electronic and magnetic effects 


Investigations with X ray do not give as detailed information on the 
structure of noncrystalline solids as they do on that of crystalline solids 
because of the lack of long-range order in the former. Therefore, other 
methods are important from the standpoint of providing more infor- 
mation on the structure of these solids. The methods of main interest are 
optical spectroscopy in the infrared and ultraviolet, and nuclear magnetic 
and electron paramagnetic resonance. All these methods can be used to 
obtain information both on the “‘pure” and “‘defect”’ structure of solids. 

The predominant feature of the infrared spectrum of fused silica is the 
strong absorption at 1100 cm™! (~ 9.1 2) associated with Si— O — Si bond 
stretching. The position of this absorption peak is about the same in the 
crystalline modifications of SiO,, indicating the same short-range order 
in various silica. The absorption band at 800 cm™ (12.5 su) is much 
weaker in vitreous than in crystalline silicas, and it is structure-sensitive. 
For details see, for example, Simon’s review paper.** The fundamental 
absorption edge of quartz determined by UV spectroscopy is at 8.5 ev 
(1450 A), and in fused SiO, the transmission region extends to ~ 8.1 
ev (1380 A).® Bray and Silver® investigated boron oxide and borosili- 
cate glasses by utilizing the nuclear electric quadrupole perturbations 
of nuclear-magnetic resonance arising from the 'B isotope. One of their 
results, which may be important from the standpoint of SiO, as used in 
MOS devices, is that the B—O and Si—O networks in borosilicate glasses 
are largely independent, 1.e., the boron retains its threefold coordination 
characteristic of boron oxide glass. 

Infrared spectroscopy has contributed to the understanding of “‘ water” 
in fused silica.**** An important conclusion was that hydroxyls are 
present as unassociated OH groups, rather than water molecules, giving 
rise to a strong absorption band at 3660 cm“! (2.73 ,) and to its weaker 
overtone at 7300 cm“! (1.37 «). These bands were also observed in SiO, 
films grown thermally in steam atmosphere.?”:** Ultraviolet spectra 
furnished information on defects produced in fused silica by various 
radiations and/or by introducing impurities. Neutron irradiation pro- 
duces absorption bands at 6200-4500, 2070-2180, 1730, and 1630 A, 
which are designated as A, C, D, and E bands, respectively.® It is 
believed that the A band is related to aluminum impurities, the C band 
is due to electrons trapped at oxygen ion vacancies, and the E band is 
caused by trapping of holes at interstitial oxygen ions. The interaction 
of hydrogen with fused silica results in the formation of trivalent silicon 
ions which form color centers having an absorption peak at 2425 A.% 
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The relation between the concentration of OH™ ions in fused SiO, and 
color centers introduced by y-ray irradiation has been studied by UV, 
IR, and ESR techniques as a function of the original and introduced 
OH- ion content.® It was established that the generation of the so-called 
E’ centers (intrinsic paramagnetic states) associated with an absorption 
band at 2120 A is inversely related to the concentration of the OH and 
other impurity ions which occupy a site in the SiO, somewhat similar to 
that of the OH™ ion 


4. Interface phenomena 


Flietner”’ reviewed the properties of ‘‘real’’ (as compared to ‘‘clean’’) 
semiconductor surfaces. Although his paper dealt mostly with ger- 
manium, some points are important from the standpoint of the Si—SiO, 
interface. The density of the slow states decreases with increasing thick- 
ness of the oxide film, and for an oxide of ~ 0.4 u the relaxation time of 
the surface is practically infinite (stabilization). It was assumed that the 
electronic transition process, due to thermionic emission of electrons, 
becomes independent of the thickness of the potential barrier. The fast 
states can be influenced by post-oxidation chemical treatment of the oxide 
film. Humidity is important in this respect because it accelerates the 
oxidation of an unstable surface and increases the density of fast states. 
From the standpoint of the density of fast states, the perfection of the 
oxide and the presence of water are important. The relaxation spectra 
of the fast states can also be influenced by oxidation, impurities, etc. 

The first detailed study on the influence of oxide films on the surface 
properties of silicon was performed by Atalla et al.” They found that 
thermal oxidation of floating zone silicon resulted in acceptor and donor 
fast states; the density of the former was 101! and that of the latter, 10'° 
cm~*. Oxidation of pulled silicon was less reproducible from the stand- 
point of surface states and, generally, donor surface states were pre- 
dominant. It was observed that impurities on the surface before oxidation 
or introduced during oxidation markedly influenced the interface behavior 
of the system. The surface potential determines not only the bending of the 
bands in the semiconductor but also the surface recombination velocity 
of the nonequilibrium carriers. This effect was utilized by Harten™ to 
investigate an Si(p) — Si(n) — SiO,-electrolyte system by measuring the 
photovoltage of the p-n junction as a function of the surface potential. 
It was found that the oxide film (produced by anodic oxidation in non- 
aqueous electrolyte) increased the density of the recombination centers 
but did not change their nature. Measurement of surface conductivity as 
a function of surface potential showed that, with increasing oxide thick- 
ness, the influence of the surface potential decreased. If the thickness 
exceeded that corresponding to a 50-v forming voltage, the surface states 
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screened the semiconductor. It has also been observed in MOS capaci- 
tors that similar oxide films introduce a very high density of surface 
states.” This may be due to the incorporation of the organic solvent 
(NMA) into the oxide as indicated by Harrick.”* However, stabilization 
was observed for an oxide film grown anodically in pure water.*® Millea 
et al.” observed acontinuous drift in the surface conductance of thermally 
oxidized silicon for several minutes following a change in the d-c bias 
voltage on the field electrode. The effect increased with oxide thickness 
and was the same whether the oxide was produced thermally in oxygen, 
in high-pressure steam, or anodically. These phenomena were attributed 
to conduction through surface states. It is possible that they are due to 
charge-storage effects. Concerning the depth of the active region of the 
SiO, film, according to Edagawa et al.'® the n-type inversion layer pro- 
duced by steam oxidation of p-type silicon begins to disappear if the 
oxide thickness approaches 2000 A. This was revealed by successive 
etching and measurement of the photoresponse of an oxidized p-nt 
junction. Recall that this thickness is equivalent to that in which the 
number of the Si—O bonds rapidly increases. However, Hurd and 
Wrotenbery” concluded from the interfacial capacity as a function of the 
polarization of silicon electrodes that the states responsible for the 
interfacial capacitance are located at the juncture between the silicon 
and the oxide, rather than within the oxide itself. 

Further data emphasizing the role of the defect structure of the oxide 
and the interfaces for MOS performance have recently appeared.’”°78-”9 
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Field-Effect Transistor Theory 


Steven R. Hofstein 


5-1 FUNDAMENTAL CHARACTERISTICS OF THE INSULATED-GATE 
FIELD-EFFECT TRANSISTOR 


1. Basic Concepts of field-effect transistors 


Two forms of the insulated-gate field-effect transistor are illustrated in 
Figs. 5-1 and 5-2. For convenience the figures and the description 
refer to n-type units (n-type channel; n-type source and drain contacts). 
One may readily extend the discussion to p-type units (complementary 
type) by exchanging n for p and reversing the polarity of the voltages. 
For an elementary description of their mode of operation, see the intro- 
ductory section, Terminology, at the front of the book. 

In the device of Fig. 5-1, a bias voltage applied to the metal gate 
generates a depletion region in a bar of homogeneously doped n-type semi- 
conductor. The depth of the depletion region increases as the negative 
gate voltage increases, and it reduces the effective cross section for 
conduction of current from drain to source (electrons from source to 
drain). This principle is analogous to the one used in the junction-gate 
field-effect transistor described by Shockley’? and which is treated in 
Section 5-3. 

In the device of Fig. 5S~2, most of the current from drain to source 
travels in a thin conducting surface layer which is generated at the surface 
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of a lightly doped n-type or p-type semiconductor. The conducting layer 
is the result of the application of a field perpendicular to the surface 
through charge located either on the gate electrode or built into the oxide 
insulator. This charge induces an equal charge of opposite polarity in the 
semiconductor close to the surface. The charge in the semiconductor is 
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Figure 5-1. Depletion-type MOS transistor with a doped 
channel. 


free to move, resulting in increased conductivity. To reduce the conduc- 
tion through the bulk which cannot be modulated, the channel is best 
made in the form of an inversion layer. In this case the channel is n-type 
on a p-type substrate. 

In the device of Fig. 5-1, the doped region is thin enough to be com- 
pletely pinched off by a negative voltage on the gate. In the device of 
Fig. 5-2, the conducting channel has no intentional doping and the 
thickness of the conducting channel is determined only by the built- 
in charge. This insures that pinch-off can be accomplished by the applica- 
tion of a similar amount of charge of the opposite polarity on the control 
electrode. A combination of the two forms is possible. The second form 
is usually preferred for insulated-gate units, while a modification of the 
first form is usually preferred for junction-gate units. 

If the source and drain electrodes of Fig. 5-1 are connected together 
and a reverse bias is applied between the gate and the source-drain 
terminals, the maximum depth of penetration of the depletion region is 
limited by the formation of an inversion layer of holes at the semiconduc- 
tor-insulator interface. Further increase in gate voltage is taken up by 
an increase in the charge in the inversion layer rather than by an increase 
in the depth of the depletion region. If a voltage is now applied between 
the source and drain, it can be shown! that the inversion layer of holes 
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will be modified by the presence of the drift field. In general, the drift 
field will remove the holes faster than they can be supplied by thermal 
generation, and the inversion layer will be destroyed. 

This contrasts with the structure of Fig. 5-2 in which the n-type inver- 
sion layer is supplied with electrons from the highly doped source contact. 
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Figure 5-2. MOS transistor utilizing a surface inversion layer channel. 


For this case, the supply of electrons is considered unlimited in the sense 
that quasi-thermal equilibrium statistics may be applied to compute the 
charge distribution in the inversion layer (see Section 5-2). 


2. Statement of assumptions 


To derive the important device characteristics, such as current-voltage 
characteristics, transconductance, and frequency response one must 
know the drift mobility of the charge carriers in the channel region. 
This mobility depends on the applied drift field between source and drain. 
For low fields, < 10? v/cm in n-type silicon and < 5 x 108 v/cmin p-type 
silicon, the mobility is constant and the carrier velocity is directly pro- 
portional to the field. For moderate fields, 103-104 v/cm in n-type silicon 
and 5 x 10°-5 Xx 10* (extrapolated value) v/cm in p-type silicon, the 
mobility is approximately proportional to the inverse square root of the 
applied field, and the carrier velocity is proportional to the square root 
of the field. For very high fields in some materials (e.g., 3 X 103 v/cm 
in n-type germanium), the carrier velocity becomes nearly constant, so 
that the mobility becomes inversely proportional to the applied field. 
These three regions will be treated in turn. 

The assumptions on which the analysis is based are: 


1. Uniformly doped p-type substrate with n-type contacts. 
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The complementary case may be readily extrapolated. 
2. Zero surface doping (zero pinch-off voltage). 


From Section 5-2 it can be shown that the effect of a shallow surface 
doping is simply a shift in the effective applied gate voltage. Hence, the 
case of nonzero pinch-off voltage may be corrected for in the final 
equations by a simple shift in the effective applied gate voltage. This is 
accomplished by the substitution of (V,—V,) for V,. 


3. The surface Debye length of the inversion layer, and the effective channel 
depth, are small compared to the gate insulator thickness. (See Chapter 2.) 
The validity of this assumption depends on the substrate doping level and/ 
or the magnitude of the applied gate field. 


The Debye length that governs the spatial distribution of the mobile 
charge in the inversion layer is either that based on the mobile charge 
itself, or that of the lattice charge, whichever length is smaller. Typical 
gate fields for these devices range from 0.01 &, to En» where &, is the 
breakdown field for the gate insulator (e.g., 5 X 10°v/cm for a good 
insulator). For these fields, typical values of the Debye length are 10 Ato 
100 A. 

The simplifying value of this assumption lies in the fact that the total 
channel mobile charge may be treated as a sheet charge, and the voltage 
drop in the semiconductor may be neglected compared to the drop in the 
insulator. 


4. The substrate will be considered so lightly doped that its gating action on 
the channel may be neglected. The effect of substrate doping will be 
considered in Section 5-2. 


3. Constant mobility and linear carrier velocity gradual channel 
approximation 


This case, which is valid for low electric fields (< 10? v/cm in n-type 
silicon and < 5 X 10° v/cm in p-type silicon) in the channel region, is 
characterized by the fact that the carrier mobility is constant and the 
carrier velocity is directly proportional to the applied field. 

The gradual channel approximation refers to the condition that the 
rate-of-change of the electric field parallel to the current flow (ie. the 
drift field) is much less than the rate-of-change of the electric field normal 
to the current flow (i.e. the gate field), or d E.ldx < d&,/dz. Then the 
one-dimensional Poisson’s equation and Gauss’ law may be used to find 
the channel mobile charge per unit area as: 


a(x) ~ —C[V, —V@)] (5-1) 


where C, is the capacitance per unit area across the insulator. The 
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assumption is made that the gradual channel approximation holds for 
V(x) = V,. It will be seen shortly that this is not strictly true, but it is 
sufficiently accurate for a first-order analysis. 

The drain current, 7,, per unit channel width is:*? 


acy 
Ia ="SA(VE -—V,—Va"] Va < Ve) (5-2) 


As V, approaches some value, Vz, the drift field at the drain becomes 
large enough so that the gradual channel approximation fails. In other 
words, as the rate-of-change of the drift field exceeds the rate-of-change of 
the gate field in some part of the channel, the charge density in that part 
of the channel begins to be controlled by the drift field. This is simply the 
condition for space-charge-limited current flow, where the applied 
electric field (in this case, the drift field) determines both the drift velocity 
and the space-charge density. 


If we set: 
d6,|  _dé, oe 
dx gel dz r=l 252) 
and approximate: 
2 
dé, = é€._q6: (5-4) 
dz r kT 


where A is the Debye length in the channel, we can show that the critical 
drain voltage, V;z,, at which the space-charge region is just generated 
is given by:* 


AV 112 
Vac = Vz [ — (sae r| (5-5) 


€; 


where d is the effective channel depth at the drain. It is immediately 
apparent that V,., is less than V, by the amount V,// < (€,d,d/e;)"””. In most 
devices it can be shown that the error introduced when we set Vz = V, for 
saturation is small enough to be safely neglected. For example, in a typi- 
cal structure /= 10u, d ~ 1000 A, d; ~ 1000 A, and e;/e, = 1/3. Then 
Va-- = 0.9 V,; and the error is less than 10%. 

As the drain voltage exceeds V,.,, the excess drain voltage generates a 
space-charge region extending from the drain into the channel a distance 
lq. Using the convention of Wright,” we will refer to this region as the 
drain region. The source region of the channel is defined as that portion 
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of the channel in which the gradual channel approximation applies.It 
extends from the source at x = 0 to the edge of the drain region at x = /,. 
The total channel length, /, is simply (see Fig. 5-3): 

l=1,+ la (5-6) 


Saturation of drain current for Vz > V, is basically a geometry-dependent 
effect. The possibility of saturation of carrier velocity is considered 
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Figure 5-3. Model for calculation of transistor behavior with drain 
voltage applied. 


separately in Section 5-1.5. The current in the source region of the 
channel per unit width is, to a good approximation: 


Ci — bei 
| dsource region — . l [V2 x (Vy ~~ Vad] 7. 7 l, : V3 (5-7) 
$s 
where, by continuity requirements: 
| d drain region — | d source region — I d (5-8) 


An exact analytic solution for /, and J, as a function of the drain and gate 
voltage is difficult because of the complex nature of the two-dimensional 
field pattern within the drain region. 

In general, the length of the drain region is much smaller than the 
length of the source region, and to a first approximation /, ~ /. From Eq. 
(5-7), this leads immediately to the saturated current per unit channel 
width of: 


wCV2 
lag = PE Wa > V—) 


2l (5-9) 


where the additional subscript s is used to denote saturation. 
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The deviations from this first-order approximation are important 
because they determine the finite drain resistance in saturation and, 
hence, the voltage gain of the transistor. Further consideration of these 
effects appears in Section 5-2. 

The transconductance, g,,, per unit channel width is: 


These are the equations of a square-law device. It is worth reiterating 
that this square-law dependence is a direct result of the original assump- 
tion of a channel much shallower than the insulator thickness. The quali- 
tative aspects of the characteristic curves are illustrated in Fig. 5-4. 


(Va>V,) (5-10) 
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Figure 5-4. Qualitative illustration of MOS transistor characteristic 
curves, drain current vs. drain voltage (with gate voltage as a parameter). 


The gain-bandwidth product of this device is: 


am Ty) = ers (5-11) 
in 


Cin is the input capacitance per unit channel width, where: 


Cin = Cil (5-12) 


and where the effect of stray capacitance and resistance have been 
neglected. The transit time,7,;, of a carrier in the channel as it moves 
from source to drain is: 


_ dx _— 4P 
7 [ Mo (x) 7 3 UV (Ya > Va) 
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then: To» * Tr (6-14) 
Thus, the gain-bandwidth product may be related to the physics of this 
device in a relatively simple form. This relation is true only if the capaci- 
tance in the gain-bandwidth calculation is the active input capacitance, 
i.e., that part of the input capacitance which controls charge in the active 
channel region. 

The /2 dependence of 77 in the preceding analysis results, in part, 
from the assumption of constant carrier mobility. A typical value for the 
channel length is / ~ 10, for which a carrier velocity of 1 x 107 cm/sec 
leads to a transit time of 77 ~ 107!° sec and a gain-bandwidth product on 
the order of GB = (277,)7! = 10° cps. 


4. Inverse square-root mobility; square-root carrier velocity 


This case is valid for moderate fields in the channel, i.e., 10°-10* 
v/cm in n-type silicon and 5 x 108-5 x 10* v/cm (extrapolated value) 
in p-type silicon. The mobility-dependence on the electric field will be 
deduced and applied to the derivation of the device characteristics. 

In MOS devices the magnitude of the diffuse scattering from the 
insulator-semiconductor interface varies widely from unit to unit. 
It may be so small that it is masked by other effects, such as the parasitic 
source and drain resistances. This effect will not be included in the follow- 
ing calculations, but it will be discussed semiquantitatively in Section 
5-2 in order to estimate some of the second-order phenomena observed 
in particular units. 

The mobility of an electron in a solid, for the first-order model, is 
given by the ratio of average drift velocity to the applied electric field: 


D, IN 
= € = oe = — (5-15) 


where: Tmfp = mean-free-time between collisions; 
m* = effective mass of carrier; 
\mfo = Mean-free-path of carrier between collisions; and 
v, = average speed of carrier between collisions. 


For no applied electric field, 3, = o,, where 0, = average thermal speed of 
the carriers. For a Boltzmann and Fermi gas, respectively: 


1/2 
Opp © (Sr) (5-16) 


1/2 
Dep © ( ZEr ) (5-17) 
m 


The approximation of constant mobility comes from the assumption that, 
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for sufficiently small drift fields, the average carrier speed between colli- 
sions is constant at d,. As the drift field is increased, the perturbation on 
b, becomes significant, and field-dependent mobility is observed. 

Shockley® has shown that for interaction with acoustic mode phonons, 
where energy transfer from the carrier to the phonon may be quite in- 
efficient, the average speed of the carrier between collisions may exceed 
the thermal speed for drift velocities substantially smaller than v,. This 
may be demonstrated by the following argument: Ifthe phonon is treated 
as a particle of mass, M, then the fraction of energy transferred to the 
phonon by a scattered hole or electron is: 


a (5-18) 


where E, is the excess over thermal energy, and where m* « M. The 
energy gained by the carrier between collisions is (approximately): 


SE, =|E|adnsp (5-19) 


where & is the applied drift field. For steady state, this energy gain must 
equal the energy transfer. Then, from Eqs. (5-18) and (5-19): 


m * 
EP =| Eldhne S20) 


We define: é.. = drift field for which the excess energy of the carrier is 
just $kT (hence total carrier energy = 3kT). Then: 


3kT | m* 1 
a OE Se 5-21 
Co <M aha a, 
For 6 > 6. : 
v.= aa (5-22) 
s m* 
and 
ge ‘hat ( ME . $V" = " (fy" 
m* \m*  &- fi (5-23) 


This is a region of square-root mobility. The drift velocity for é =6. is 
simply: 


Ba = bo 6. (5-24) 
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It can be shown that vg = c = velocity of sound in the material (acoustic 
mode) and: 


Cc 
=— (5-25) 
é Mo 


In many materials, interaction with optical mode phonons is dominant. 
For these phonons, the energy transfer process for electron scattering is 
quite efficient. If the electron loses all of its excess energy each time it is 
scattered, we can show that: 


Va Pd UE (5—26) 
and 
Uk 
ag -27 
6. - (5-27) 


Experimental curves for mobility in silicon and germanium have been 
obtained by Ryder,* and by Prior.” These curves are reproduced in Figs. 
5-5 and 5-6. 
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Figure 5-5. Variation of current density with applied electric field in silicon 
(after Prior). 


LINEAR CURRENT RANGE (V, < V,). It will be assumed that the 
channel drift field is such that: 


6 > é- O<x<l) 


The mobility of the carriers at any point x in the channel is then: 


px) = pol 
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If this expression for mobility is used in the equation for drain current 
and the integration carried through, the characteristic device equation is: 


P= _ BoC Ge C: 62? Vie = (Ve—Va)® ue (5-29) 
@ pa | 3 3 


provided E(x)> 6 -forallx,andV, < V,. 
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Figure 5-6. Variation of current density with applied electric field in germanium 
(after Prior). 


SATURATED CURRENT RANGE (V, > V,). The saturation drain current 
per unit channel width due to drain pinch-off, which occurs for Vg > Vis: 


— BoC é 


las = Re V8? OH) > 6 (5-30) 
The transconductance per unit channel width under these conditions is: 
1/2 
Ci6. V3 
2n= a= x eae (5-31) 


The active input capacitance per unit channel width of the device is 
Cin = C,l. Hence, the gain-bandwidth time constant, 7yp, is: 


= 2, ae o Bi2 a 


The transit time, 77, of a carrier from the source to drain, using Eq. 
(5-28), is given by: 


d. 
lag rE) =, bE EOF on 
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From Eggs. (5-28) and (5-29) the channel field, & (x), is: 


SG) ene saee | 3) 


This leads, after integration of Eq. (S~33) and some algebraic manipula- 
tion, to: 


—_ 4 u3C363? : 
ge ay le eae ae) (5-35) 


and in saturation where J, = I,,, and Vz > V,: 


_ 3V3 pie (5-36) 


Tr rie ae 
4 Bo Gi” V g 


It is important to compare the transconductance under conditions of 
square-root mobility with that under conditions of constant mobility. To 
facilitate this comparison, it is convenient to rewrite Eq. (5-31) in 
terms of 6 (0), the drift field at the source. From Eqs. (5-34) and (5-30): 


Vy 
=— —¥9 (5-37 
&(0) a ) 


Substitution into Eq. (5-31) gives the transconductance per unit channel 
width under conditions of square-root mobility: 


Lins = FMoCLE, &(0)]!? (5-38) 


From Eqs. (5-10), (5-37), and (5-38) the transconductance per unit 
channel width for the condition of constant mobility is: 


AV, 1/2 
8&mce — (sid) Sms (5-39) 


For the case of square-root mobility, the field everywhere in the channel, 
including & (0), must be greater than &,. Hence, 2inc > 2ms- The transi- 
tion from the constant mobility regime to square-root mobility regime (in 
saturation) occurs at a gate voltage, V,,, on the order of: 


Vie = UE. 


c 


(5-40) 
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A plot of normalized transconductance vs. normalized gate voltage using 
Eqs. (5-10), (5-31), and (5-40) appears in Fig. 5-7. 
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Figure 5-7. Normalized transconductance vs. normalized gate 
voltage. 


5. Inverse linear mobility; constant carrier velocity 


In many materials there are additional mechanisms which limit the 
drift velocity. If there is a scattering mechanism such that the scattering 
cross section shows a sharp rise above a particular energy, E,, then the 
lifetime of a carrier with energy above E, becomes extremely short. 
The result is that the drift velocity saturates at a value corresponding 
to E,. Further increases in the applied drift field merely act to decrease 
the average scattering mean-free-time so that drift velocity increases 
only slightly. 

Ryder® has shown experimentally the existence of the ie mobility 
dependence in silicon and germanium, as well as the existence of a 
saturated drift velocity in germanium for electrons. It should be noted 
that the onset of saturated velocity may occur before or after the onset 
of the 6” region in a particular material or, as in the case of silicon, 
may not occur at all.’ 
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Consider the simple case of a transistor in which all carriers are mov- 
ing at saturated velocity. The channel current per unit channel width is: 


I, = vox) (5-41) 


where v, is the saturated velocity. From the requirements of current 
continuity, the mobile channel charge per unit area must be constant over 
the length of the channel, with a magnitude of: 


o(x) = if = constant (5-42) 
l 
Since the channel potential, V(x), is not constant over the length, it is 
apparent that the expression for the channel charge derived from the 
one-dimensional Poisson’s equation, Eq. (5-1), is no longer valid. It is 
necessary to consider the two-dimensional Poisson’s equation in order to 
obtain a self-consistent analysis for the saturated velocity case. 

Unfortunately, it is impossible to obtain a general analytic solution to 
the two-dimensional Poisson’s equation. For purposes of this analysis, 
a perturbation technique may be used to obtain a good insight into the 
actual physical picture. The solution must be checked to determine the 
range over which it applies without violating the original approximations, 
and extensions to the physical model must be developed if needed. 

In the following model, the channel will be divided into two regions 
with the boundary between them at x = x;. Region I, extending from the 
source to x;,is defined as that region in which the carriers have not reached 
saturated drift velocity. In region II, extending from x, to the drain, the 
carriers have reached their saturated velocity. The behavior in region I of 
the channel is described by the gradual-channel case treated in Sections 
5-1.3 and 5-1.4, with V, substituted for Vz, and x, substituted for /,, 
where V, is the voltage at the point x = x,. At this point, the behavior in 
region II may be analyzed, and the joining solution for regions I and II 
may be derived to predict the over-all behavior of the device. 

For the gradual-channel case where: 


d&, 46, _ 6, 


5-43 
dx dz r C4) 


the inversion layer charge distribution is approximately described by 
the one-dimensional analysis of Section 2-5. 

Let the gate voltage be held constant and consider what happens when 
the drain voltage is increased from zero to Vy. The channel voltage at a 
point x in the channel rises to some value V(x). The resulting change in 
the gate electric field (in the insulator) at x is then: 


A6.(x) = =) (5-44) 
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Referring to Fig. 5-1, we may draw a “‘pillbox”’ of length dx and depth A 
around the channel charge. The top of the pillbox is just inside the 
semiconductor surface. From Gauss’s law: 


62dx + [282 aha = TO) ay (5-45) 


This may be put in the form: 


a _ eIVixX)—V,] (5-46) 
dx? 


where: 


e=— (5-47) 


and with the boundary condition: 

w(x) =otx)=$[V,—Veep| > 2d (5-48) 
The solution for Eq. (5-48) using the boundary conditions that, at x = x), 
6(x,) = 6,and V(x,) = Vr is: 


Vix)=V, +& sinh k(x — x;) (x > x) (5-49) 


Hence, it can be seen that k~! is a length constant associated with the 
region of saturated velocity. 

It will be useful to pause at this point and examine the physical 
consequences of the results obtained so far. 

Assume that the material possesses a saturated carrier drift velocity, 
D,, at a drift field, 6 ,, where &, is the channel drift field at the point x = x;. 
Let the gate voltage be held at some Value V,,, and consider what happens 
as a drain voltage is slowly increased above zero. As the drain voltage 
rises, current flows from source to drain, according to the simple first- 
order gradual-channel analyses of Sections 5—1.3 and 5-1.4. The drain 
region of the channel is formed when d &,/dx > d &,/dz at the drain. 
However, if the field at the drain reaches &, before d &,/dx > d& ,/dz, 


a region of saturated velocity appears. The length of this region is on the 
order of |, = k7}. 
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For typical parameters (e.g., d,= 1000 A, \= 100-200 A, /= yp, 
e,/€, = 1/3): 
lL ~1000A <1 
This region affects the drain current in much the same fashion as the 
conventional drain region. That is, the drain current shows a sharp 
tendency towards saturation. As the drain voltage continues to rise, the 
point will be reached where: 


d Ey 
dx 


_dé, 


r=l dz 


xr=l 


and the drain region of the channel will be formed, in which the mobile 
charge density is determined by the drift field, and the drift velocity is 
fixed at VU}. 

If the situation exists where & , is so large that the drain voltage must 
almost equal the gate voltage before the drain drift field exceeds 6), then 
the effects of velocity saturation become intermingled with the formation 
of the drain region and it becomes a moot point to argue which of the 
two is “‘causing”’ saturation of the drain current. 

The behavior of the transconductance versus gate voltage in the 
regime of saturated drain current will be considered for the case where 
the onset of a region of saturated velocity occurs substantially before 
channel pinch-off at the drain and before the generation of the space- 
charge-limited drain region.’ V, is substantially less than V,. This per- 
mits ready differentiation between the effects of velocity saturation and 
formation of the drain region. For this case, region I of the channel will 
be the conventional source region and x ; = |,. 

The transition from constant mobility to saturated velocity is consid- 
ered abrupt; so the effect of square-root mobility in region I of the channel 
may be neglected. This will simplify the mathematics while retaining the 
fundamental characteristics of the physical behavior. 

The electric field at the drain is: 


b= a [6M < (5-50) 


Setting & (l) = & yields the drain voltage at which region II just forms at 
the drain: 5 
Va = Vat El-€, Bava)" (5-51) 


The current per unit channel width in the source region of the channel is 


— boi V2-—(V,— V. *| a BEL VE Wa V, | 5-52 
iF; Heke | g ( g al) 7] g ( g al) ( ) 
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since / > 1. Substituting Eq. (S—51) into (5-52) yields the characteristic 
equation for the device: 


2 |1/2 
Ig= a (61)? 4)14+ (4) —] (5-53) 


Differentiating yields the transconductance per unit channel width: 
Bm = boc EVA + V,2)1? (5-54) 
where: 
V=V,/ él (5-55) 


From Eq. (5-54) it can be seen that the transconductance saturates for 
gate voltage V,’ > 1. The physical reason is that, for large V,’, the channel 
field becomes more uniform since voltage variations along the channel 
are small compared to V,. The channel field is then given approximately 
by V,/l, and it is independent of V,. The channel current per unit channel 
width is then: 


Ig= Cw, V,> &éd) (5-56) 
and the transconductance per unit channel width is: 
m= Civ = WC: 6, (V,> ED (5-57) 


A plot of normalized transconductance vs. normalized gate voltage is 
shown in Fig. 5-8. 
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Figure 5-8. Normalized transconductance vs. normalized gate 
voltage for the case of limited carrier velocity, v; = UoG1. 
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The effect of saturation of carrier velocity causing current saturation 
(i.e., current saturation before channel pinch-off at the drain occurs) has 
been experimentally observed for germanium junction-type field-effect 
transistors.® In silicon junction-gate and MOS transistors, saturation of 
current occurs for a value of drain voltage so close to that corresponding 
to pinch-off at the drain, that the effect of mobility variation with field 
within the drain region is no longer dominant. 


6. Modulation of the carrier mobility 


As the applied gate field is increased, carrier concentration in the in- 
version layer increases and the Debye length associated with the surface 
charge decreases. This was discussed in Section 5—1.2. If the surface of 
the semiconductor is a diffuse scatterer, the effective sheet mobility of the 
inversion layer will be reduced because of the increased number of car- 
riers which ‘‘see”’ the surface. Schrieffer* has proposed a model and shown 
that, to a first approximation, the surface mobility varies inversely with 
the applied gate field. The effect of this variation of mobility on device 
characteristics is discussed in Section 5-2. 


5-2 FUNDAMENTAL PHYSICAL LIMITATIONS OF THE MOS TRANSISTOR 


1. Maximum Drain Voltage 


Voltage breakdown at the drain will be analyzed and found to consist 
of a soft channel breakdown superimposed on a hard direct breakdown 
from drain to substrate. This latter breakdown will be shown to be in- 
fluenced by the potential on the gate and to be relatively independent of 
substrate doping. 

CHANNEL DRIFT-FIELD BREAKDOWN. To obtain maximum drift 
velocity, minimum transit time, and hence, maximum gain-bandwidth 
product, it is desirable to have as large a channel drift field as possible. As 
the channel field is increased, however, there is an increase in the hole- 
electron pair generation due to impact ionization by hot carriers (avalanche 
breakdown). This generation is greatest in the region of maximum field, 
i.e., the space-charge region near the drain. The case of an n-type chan- 
nel will be considered; the discussion may be readily extended to the 
complementary case of a p-type channel. 

The electrons generated in the region near the drain are rapidly swept 
to the drain by the channel drift field. However, the holes are swept into 
the channel towards the source electrode by the drift field and into the 
substrate by the applied gate and drain fields. The total generation rate in 
the channel is proportional to the magnitude of the drift field and the chan- 
nel current. This dependence on the channel field is reflected in a decrease 
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in the saturation drain resistance. This resistance also decreases for 
increasing gate voltage due to the increase in channel current. This effect 
is shown in Fig. 5-9, which shows a family of drain characteristics with 
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Figure 5-9. Characteristic curves of an n-type transistor 
illustrating channel breakdown, V, > V,.. 


gate voltage as a parameter. The soft channel breakdown caused by car- 
rier generation is greatest for maximum gate voltage and becomes almost 
negligible at channel pinch-off. The final sharp drain-current rise rep- 


resents direct breakdown to the substrate and is discussed in the next 
section. 
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Figure 5-10. Breakdown voltage for p*t-n or n*t-p junctions in 
silicon as a function of doping on the low-doped side of the junction. 
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DRAIN DIODE BREAKDOWN. The usual approximation is that the 
breakdown voltage of the drain-to-substrate diode is simply that of an 
nt-p diode. For example, the breakdown voltage from a heavily doped 
n-type region to a 10 ohm-cm p-type substrate is approximately 270 v for 
a junction in which surface effects may be neglected and whose field dis- 
tribution approximates the plane-parallel one-dimensional case. This last 
condition is readily met by deep diffused or alloyed junctions. Figure 
5-10 gives the voltage breakdown for silicon step junctions as a function 
of doping density. 

The diodes used in planar devices are often diffused to depths of less 
than 0.1 ys. This structure may possess high fields along the periphery 
of the junction. Figure 5-11 illustrates the qualitative aspects of the field 
distribution for both the deep and shallow diffused junctions. Field 
crowding occurs when the diffusion depth is less than the width of the 
depletion region. 
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Figure 5-11. Qualitative picture 
of field distribution in deep and 
shallow diffused junctions, 
indicating crowding at periphery 
of the shallow diffused junction. 


If, as a first approximation, the field distribution at the edge of the 
planar junction is assumed to be cylindrical, Poisson’s equation may be 
solved for the electric field, and the breakdown voltage may be computed. 
Hilibrand® has computed the breakdown voltage based on the model 
of Fig. 5-12 for silicon with a multiplication factor a = 1.95 X 10-465 
for holes and electrons.'° The results are shown in Fig. 5-13. 
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The concentration of the electric field at the periphery of the junction 
results in surface region avalanche breakdown at a voltage lower than 
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Figure 5-12. The geometry of a planar 
junction. 


that required for breakdown of the bulk portion of the diode. Breakdown 
voltages on the order of 60 to 80 v are observed in planar diodes fabri- 
cated with an n+ diffusion depth on the order of 2000 A in a 10 ohm-cm 
p-type (10'°/cm® doping level) substrate. This is significantly lower than 


the 270 v measured for deep-diffused and alloyed junctions. 


Vp (VOLTS) 


Figure 5-13. Theoretical breakdown voltage vs. doping density, with junction 
radius as a parameter. The plane parallel case corresponds to r; = ~. 
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GATE MODULATION OF DRAIN BREAKDOWN. A further reduction of 
the breakdown voltage has been observed! when an insulated metal 
electrode (such as a transistor gate) overlaps the diode junction. The 
breakdown voltage of the drain to substrate for the unit whose character- 
istics are displayed in Fig. 5—9 is on the order of 40 v. Removal of the gate 
electrode by chemical etching restores the breakdown to 70 v. 

The reduced breakdown voltage results from the increased field in the 
surface portion of the junction depletion region produced by the presence 
of the conducting metal gate. This effect is illustrated in Fig. 5-14. The 
breakdown is due to the collective action of both the drain-to-substrate. 
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Figure 5-14. Qualitative picture of field distortion 
in a planar p-n junction due to the overlying 
metal electrode. 


and drain-to-gate field, with the substrate acting as the collector of the 
carriers produced either by impact ionization or field emission. Accord- 
ing to this concept, the drain voltage for breakdown should vary with the 
gate voltage. This is, in fact, observed as shown in Fig. 5-15. 


VERT. 2.0 mA/DIV. 
HORIZ. 5.0 V/DIV. 
FAMILY 5.0 V/STEP 


Figure 5-15. Drain voltage required for breakdown as a 
function of gate voltage, V, < V>. 
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Since the substrate in the MOS structure is lightly doped and acts only 
as a collector, the drain breakdown voltage should have only a weak 
dependence on the resistivity of the substrate. This also has been con- 
firmed experimentally. Variation of substrate resistivity from 5 ohm-cm 
to 20 ohm-cm produces no noticeable change in the drain breakdown 
voltage which remains at approximately 35-40 v. 

Operation in the breakdown region by controlling the breakdown vol- 
tage with the gate provides an active device with some attractive features. 
Whether sufficiently close control of the parameters in this mode will be 
possible in practice is uncertain. Consideration of the device potential 
of this phenomenon has been made by Hofstein,? Nathanson, Szedon, 
and Jordan,’ and Hofstein and Warfield."! 

‘““PUNCH-THROUGH”’ BREAKDOWN. Another source of voltage break- 
down at the drain is punch-through to the source. The drain depletion 
region extends across the channel region until it reaches the source and 
draws space-charge-limited current. This is analogous to punch-through 
breakdown in the bipolar transistor. This breakdown is less significant 
in the MOS transistor than in the bipolar transistor for the following 
reasons: 


1. The gate electrode acts as an electrostatic shield. The voltage on the 
drain required to move the depletion region across to the source is higher 
than that required to move it the same distance into the substrate. The 
distortion is indicated in Fig. 5-14. 


2. The space-charge-limited currents that are drawn after punch-through is 
achieved are less than in the bipolar transistor because the source-drain 
electrodes are not parallel and facing each other, as are the collector and 
emitter in the bipolar transistor. 


2. Theory of the drain saturation resistance and voltage gain limitations 


In this section the low-frequency drain saturation resistance will be 
examined. A theory based on a capacitive coupling from the drain to the 
source region of the channel through the substrate-channel depletion 
region will be proposed to explain the experimental observations. The 
modulation of the length of the drain region (space-charge region) of the 
channel as a contributor to the drain saturation resistance also will be 
considered. It will be shown that the application of substrate reverse 
bias causes the drain saturation resistance to increase or decrease, 
depending on whether the drain region modulation or capacitive feed- 
back mechanism, respectively, is dominant. Experimentally, it is found 
that the resistance decreases with increasing substrate reverse bias. 

In the first section of this chapter, the drain current was shown to 
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saturate to first order as Vz exceeded Vz. ~ V,. To predict the voltage 
gain of the transistor in the saturation regime, it is necessary to consider 
two major second-order effects: 1. modulation of the drain-region length 
with drain voltage, and 2. feedback capacitance from the drain to the 
source region of the channel. 

To semiquantitatively examine the effect of the modulation of the 
drain-region length on current saturation, a one-dimensional analysis? 
yields a drain region length of: 


_ 5 1/3 Vi—-V, 2/3 
la (Stade) (—— ) (5-58) 


9g 


where d, is the effective channel depth in the drain region. It is difficult 
to determine d, since the mobile charge distribution and channel depth are 
no longer controlled by the gate field as in the source region. A rough 
estimate may be obtained if we set dg equal to the drain contact depth. 
The cube-root dependence of J, on dy allows for an order-of-magnitude 
uncertainty in d, to be reduced to a factor-of-two uncertainty in Jz. The 
drain current is then: 


Moi —— MoCi 2 Vo > V © 
Las 21, V2 ~ Ola V2 ( d a) (5-59) 


From Eqs. (5-58) and (5-59), it can be readily shown that: 


eqns Cla) [VlVa- V)I (5-60) 


~ Bae 2" T+ (Ha) Vl Va Ve) 


Vas 


where: 


2 \1/3 
a= (12 : x=) (5-61) 


and the voltage gain is: 


= fn _ +(e) Y= Ve IVa) 


a Sas (A/a) [V,/Va—V)]"” (5-62) 


For large gain, (1/a)[((Va — Va)/V,] <1 and: 


A = aValV,— 18 (5-63) 
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This theory indicates a voltage gain on the order of: 


P efi 13 
A~( dad; xe) ey 


which increases with increasing drain wollage: For the typical parameters 
1=10p, d;~O.1p, dg~O1p, ele, ~ 5, A ~ 10. The validity of 
this one-dimensional approximation will be evaluated immediately follow- 
ing consideration of the second effect: feedback capacitance from the 
drain to the channel source region. The channel length-to-depth ratio 
for transistors of the type under discussion may range typically from 10 
to 100. However, penetration of the drain field into the channel region is 
a function of the effective spacing between the metal gate and the sub- 
strate gate. This spacing includes the doped channel plus the space- 
charge region between the channel and substrate. For a lightly doped 
substrate, this spacing may become as large as, or even exceed, the 
channel length when the drain voltage rises into the saturation region. 
Hence, penetration of the drain field into the channel region may be signi- 
ficant, and a new model must be postulated. This model is shown in Fig. 
5-16. The basic assumption is that for a lightly doped substrate, where 


INSULATING SUBSTRATE 


Figure 5-16. Model for analysis of the saturation 
drain resistance. 


the substrate depletion-region depth is of the same order as the channel 
length, the penetration and coupling of the drain field to the channel 
source region may be significant. This mechanism will be analyzed by 
the use of Laplace’s equation as a first approximation. Experimental 
results show that this assumption is a very good approximation to the 
actual physical behavior. The drain electrode now acts both as a collector 
of channel carriers and as an inefficient gate. 
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In the model of Fig. 5-16, a change in drain voltage, AV,,, causes a 
change in the average channel sheet charge of AQ = C,,AV,/I per unit 
area, where:! 


Cac = effective drain-to-channel coupling capacitance ~ €, (5-65) 
This change in charge sees an average field from source to drain of V,/l 


with an effective channel mobility of jeg. The change in the drain 
current per unit channel width is: 


CachVa\ (V. 
Al; = Gerad tole (5-66) 


The saturation drain resistance for a channel of unit width becomes: 


2 


Yas = (V,)"? (5-67 ) 


Cacktett 


For the special case of a square-law device, it was found in Section 5-1 
that: 


on = Cibetry, (5-68) 


and the voltage amplification factor becomes: 


Coe (5-69) 
A = 2nlas = 
8m! as Cae 
where: 
Coc = gate-to-channel capacitance = C,l, and ve ~ Six a (5-70) 
Cac €, dj 


Therefore, the transistor voltage amplification factor depends only on 
the geometry. This result is analogous to that for the vacuum-tube 
triode. At this point, the two mechanisms affecting the saturation drain 
resistance may be compared. 

Modulation of the drain region length gives a saturation drain resis- 
tance that is inversely proportional to the effective channel depth. If the 
substrate gate of the transistor is reverse-biased to increase the channel- 
to-gate electric field, crowd the carriers closer to the surface, and reduce 
the channel depth, the drain saturation resistance will increase. If the 
capacitive feedback mechanism is dominant, increasing the reverse bias 
on the substrate increases the substrate depletion region depth, decreases 
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the shielding effect on the channel, and increases the drain-channel 
coupling capacitance with a corresponding decrease in the drain satura- 


tion resistance. 
The experimental curves of Fig. 5-17 show that the application of 
reverse bias on the substrate causes a substantial reduction of the drain 


VERT=O!] mA/div 
HOR.=2.0 V/div 
FAMILY=0.2 VW/step 


SUBSTRATE BIAS=Ov 
(a) 


SUBSTRATE BIAS=20v 
(b) 


Figure 5-17. Output characteristics 
of an a-type MOS Transistor illus- 
trating the dependence of the saturation 
voltage gain on the substrate bias. 


140 FIELD-EFFECT TRANSISTOR THEORY SEC. 5-2 


saturation resistance and voltage gain. Additional results on typical units 
of two different geometries are shown in Figs.5-18, 5-19, 5-20, and 
5-21. The characteristics of the two units are: 


Unit | (Fig. 5-18): n-type unit (positive gate voltage for conduction): 
channel length = | x 10-* cm: 
total channel width = 10 x 10°* cm: 
channel oxide thickness = 1000 A= 1.0 x 10-5 
cm; 
effective electron mobility (measured) = 220 cm2/ 
V-sec: 
pinch-off voltage = + 2 v. 


SOURCE - DRAIN CONTACTS 


VERT. 2mA/DIV. 
HORIZ. 2V/DIV. 
FAMILY 2V/STEP 
12 STEPS 
Vguax= +24 VOLTS 


(b) 


Figure 5-18. Photomicrograph and characteristic curves for 
type-I geometry. 


Unit 2 (Fig. 5-20): p-type unit (negative gate voltage for conduction): 
channel length = 1.5 x 107° cm; 
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total channel width = 75 x 1073 cm; 
channel oxide thickness = 1500 A; 
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effective hole mobility (measured) = 170 cm/?/ 


V-SeC; 
pinch-off voltage = — 0.5 v. 


70 
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Figure 5-19. Measured values of g, Gas, las, and A vs. V, 
for type-1 geometry. 


Including the effect of the pinch-off voltage and the channel width, the 
reciprocal of Eq. (5-67) gives for the drain conductance: 


Cac 
8ds — eee, Ve) 


(5-71) 


where, from Eq. (5-65), Cac ~ €s. Substituting the parameters for the 
two units listed before into this equation, we find that: 


For unit | as = 2.2 (V, — 2) pmhos for V, > + 2v. 


For unit 2 


Las = 5.5 (— V, — 0.5) wmhos for V, < — 0.5 v. 
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The experimental curves for these two units (Figs.5-19 and 5-21) yield: 


For unit | Ras = 2.8(V, — 2) wmhos for V, > + 2 v. 

For unit 2 8as = 11 (— V,— 90.5) wmhos for V, < — 0.5 v. 
The linear variation with gate voltage is apparent. The discrepancy in the 
constants is due, in part, to the simplified derivation of C,, ~ €,. How- 


ever, considering the relative simplicity of the model, the experimental 
results are in good agreement with the theory. 
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Figure 5-20. Photomicrograph and characteristic curves 
for type-2 geometry. 


It is interesting to note that unit | is a very good approximation to a 
square-law device for V, > + 6 v. From Eqs. (5-69) and (5-70): 


A=—x— 5-7 
é (5-72) 
Substituting the appropriate values for unit 1, we obtain A ~ 33. From 


Fig. 5-19, the measured value for A agrees with this calculated value to 
within a factor of 2. 
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Equation (5-72) points out a problem in optimizing the performance 
of these transistors. If the channel length is reduced to increase the 
frequency response of the transistor, the voltage gain will drop because of 
a decrease in the saturation drain resistance. This problem may be sur- 
mounted by an increase in the substrate doping level to the point where 
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Figure 5-21. Measured values of gm, as, and A vs. V, for type-2 
geometry. 


the substrate-to-channel depletion region is sufficiently narrow so that 
penetration of the drain field into the channel region is greatly reduced. 
In a sense, the substrate acts as a “screen grid” in capacitively decoupling 
the drain from the channel. The penalty is an increased drain-to-substrate 
capacitance. It is important to note that the drain resistance discussed so 
far is a low-frequency parameter. At high frequencies, particularly as one 
approaches the cut-off frequency of the device, the resistive component 
of the output impedance may become quite low due to loss mechanisms, 
and may be deteriorated by an increase in the substrate doping level. 
This phenomenon has been observed in high-frequency MOS transistors. 
In addition, the behavior of the drain saturation resistance as a function of 
gate voltage may deviate from the simple linear relationship in units 
where surface state effects are strong, in this case, the assumption of 
constant mobility is no longer valid. 
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3. Effect of surface states on device behavior 


In general, the interface between the insulator and semiconductor 
possesses trapping states distributed in energy over the forbidden gap. 
As the applied gate voltage modulates the mobile charge in the surface 
region, it also modulates the amount of charge trapped in these states. 

At a point x in the channel, the total charge per unit area produced by 
the gate voltage, V,, is Q(x) = C,[V, — V (x)] where V(x) is the potential 
at the point x in the channel. A portion of this charge is trapped in surface 
states and cannot contribute to the conduction. The effect of surface 
States can be included if we define an effective mobility: 


= oe 


Mett = Ci dx dla (5~73) 


which is less than the actual mobility. 

The conventional procedure for computing the charge trapped in the 
surface states is to determine the position of the Fermi level at the surface 
and apply thermal equilibrium statistics.‘*2 However, when the channel 
drift field is high enough to generate hot carriers, impact ionization of the 
trapped charges may become significant. The energy required for this 
ionization may be substantially less than that for band-to-band hole- 
electron pair generation. In the region of “saturated” -current operation, 
this ionization causes an increase in the drain current with increasing 
drain voltage,and decreases the saturation drain resistance. For most 
devices, the surface state density is sufficiently small so that this effect is 
not significant compared to the feedback effect described in Section 5—2.2. 
The surface states also play a role in determining the temperature-depend- 
ence of the transistor transfer characteristic. This is discussed in Section 
5-2.8. 


4. Effect of surface scattering on transistor characteristics 


In this section the effect of surface scattering!” on the behavior of the 
MOS transistor operating in the nondegenerate regime will be considered. 
If several different independent scattering mechanisms exist, the effective 
mobility is given by: 


Het = | + 2+ | 
ae 2 ras ae eee : 
Ma Be oe 


where fg, My, etc., are the mobilities associated with each individual 
scattering mechanism in the absence of the others. The mobilities of 
interest are: 
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4) = bulk mobility (constant), and 
bs = ba — )= surface scattering mobility * for perfectly diffuse 
6 


§ 
surface scattering 


where: 


é.= E(x) = ee x Si (5-75) 


i €s 


and 6,, is that field for which the surface scattering mobility becomes 
equal to the bulk mobility:* 


eg _ (m*kT)"? 
sc GT) (5-76) 


The effective mobility of the surface layer carriers is: 

Vo- ah 

—__—* -17 
V (5-77) 


ge 


Mert = bal a 


where: 


Voc = @z Esc (5-78) 


€ 


The channel conductance is determined by the method used in Sec- 
tion 5-1, except that the effective mobility must be used rather than the 
bulk mobility. Thus: 


dV(x) 


Tq = PerClVa— VO) G Va < Va) G2) 


And substituting for jeg: 


oi = 
| ea i fue Aral AC), dV(x) WVa<V,) (5-80) 


l 0 1+ [Va VO) Voc 


We evaluate this integral by making the substitution, Z = [V, — V(X)]/Ve 
and integrating by parts. The result is: 


Ia = MoCi Vie | Va =] be Vl Voc) 


Vc Ea Ra ata eS) 
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In saturation (V_ > V,), the current is: 
I4=* x V2, lwo In( + 7*)| (V2 V,) (5-82) 
The transconductance in saturation is: 
tw Val er = 


For V, < V,., the transconductance reduces to that of the constant 


mobility case: 
MoCi (5-84) 


——V, 


8&m = ] 
A plot of the normalized transconductance as a function of normalized 
gate voltage given by Eq. (5-83) appears in Fig. 5-22. 
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Figure 5-22. Normalized transconductance vs. normalized gate voltage for a 
perfectly diffuse scattering surface, nondegenerate inversion layer. 


6. has been defined as that field for which the surface scattering 
mobility becomes equal to the bulk mobility. It is of interest to determine 
the order of magnitude of this field. For the two mobilities to be equal, 
the surface and bulk scattering times, and hence the surface and bulk 
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mean-free-paths must be equal. Assuming yu, = 1200 cm?/v-sec, and an 
effective mass for the electrons of 0.36 of the free electron mass, the 
mean collision time in silicon is: 


* 
7 Ho = 2x10 sec 


For an average thermal speed of 10’ cm/sec, the mean-free-path is: 


Amfp ~ 2X 10-6cm = 200 A 


For this particular system, surface scattering becomes significant only for 
fields in excess of that required to make the surface Debye length less 
than 200A. For a Si-SiO, structure, Eq. (5-76) gives 6 .0= 5 x 10+ 
v/cm. 

EXPERIMENTAL OBSERVATIONS OF SURFACE SCATTERING EFFECTS IN A 
SILICON MOS TRANSISTOR. A silicon MOS transistor was fabricated witha 
thermally grown SiO, insulating layer 1000 A thick. From Eq. (5-75) 
with ~, = 1200 cm?/v-sec, the calculated surface scattering mobility is: 


6x10" 
Ms = cm?/v-sec 
&, 


and the calculated effective surface mobility is: 


6000 


—= 4 
Pett = 5H 6.x 105 for 6, > 5X 10¢v/em 


This effective surface mobility’ varies over the range from 600 cm2/v-sec 
to 12 cm’/v-sec as 6, varies from 5 x 10‘ v/cmto 5 X 10% v/cm. 

The actual behavior of the device depends strongly on the conditions 
at the Si—SiO, interface. The characteristics of the n-type unit studied 
are shown in Fig. 5-19. The transconductance is a linear function of the 
gate voltage over a rather wide range of gate voltages and, hence, over a 
wide range of surface fields. From Eq. (5-10), upon inserting the pinch- 
off voltage and channel width, we obtain: 


2. = Heat mV = V,) (5-85) 


If the theoretical slope of the g, vs. V, curve given by Eq. (5-85) is 
equated to the slope of the experimental curve, it is found that: 
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MesCiw 


TS 65 wmhos/volt 


From the geometry of this particular unit, w// ~ 10. Hence, preg = 220 
cm?/v-sec. 

From the experimental curve, this mobility is constant for gate fields 
extending into the 10* v/cm range. It is apparent that the mean-free-path 
for carrier scattering in the inversion layer is on the order of 30-40 A and 
is independent of the gate field. This indicates that either the effective 
potential well for surface scattering is much larger than the assumed 
value based on the surface Debye length or that the surface is acting 
primarily as a specular scatterer. Experimental results!* indicate that 
both conditions probably exist. The failure of the simple linear potential- 
well theory to quantitatively predict surface scattering is not too sur- 
prising when the simplicity of the assumptions is considered. The primary 
purpose has been to give the reader an understanding of the physics 
involved. 


5. Influence of parasitic source and drain resistance 


In this section, the influences of parasitic source and drain resistance 
and of surface scattering will be examined theoretically and found to be 
qualitatively similar. Both cause a “saturation” in the transconductance 
vs. applied gate-voltage curve. Experimentally, it is shown that pure 
surface scattering does not appear to play a dominant role and that p,, 
the mobility in the surface region, is nearly constant with gate voltage and 
is lower than the bulk mobility, u,, (e.g., 4 = 200 cm?/v-sec versus 
by = 1300 cm?/v-sec for electrons in silicon at room temperature) due to 
some undetermined scattering mechanism. 
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Figure 5-23. First-order model for the analysis of 
the effect of parasitic source and drain resistances. 


The model to be analyzed is shown in Fig. 5-23. The “internal” 
transistor (i.e., not including r, and r,) will be considered a square-law 
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device. The characteristic equations for this ‘“‘internal’’ transistor, 


derived in Section 5-1 are: 


Ci 
=a -V—-Val | Va < VD 


Mo; V2 
Qe 2 


lis = 


In terms of the voltages of Fig. 5-23, the drain saturation current is: 


Ae 
lan = 5) [V,—V,} 


If the voltage reference is taken as V,’ = 0, then: 


V, = Lasrs 
and 


1 
Las = a CF 4 Tas)” 


],is not an actual gate current but is defined as: 


and 


The solution of the quadratic equation (Eq. 5-90) for I; is: 


Tas = 2[21, + a — V4al, +07] 


The transconductance is: 


so that: 


where: 


(Va>V) 


(5-86) 


(5~87) 


(5-88) 


(5-89) 


(5-90) 


(5-91) 


(5-92) 


(5~93) 


(5-94) 


(5-95) 


150 FIELD-EFFECT TRANSISTOR THEORY SEC. 5-2 


A plot of gr, as a function of V,/V, appears in Fig. 5-24. If V,/V, < 1, 
then gnr, ~ V,/2V, and: 


Ci 
8m a ae g 


In other words, the series resistance is negligible compared to the channel 
resistance. 
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Figure 5-24. Normalized transconductance vs. normalized gate voltage including 
the effect of parasitic source resistance. 


The effect of the parasitic source resistance on the transconductance 
is qualitatively very similar to the effect of surface scattering considered 
in Section 5-2.4 and illustrated in Fig. 5-22. In practice, one must be 
careful in determining which of these two phenomena may be causing 
saturation of the transconductance. 


6. Substrate doping and substrate bias effects 


The substrate for the MOS transistor is doped to form a junction with 
respect to the source-drain contacts and channel. This junction acts as a 
gate on the channel in the same fashion as the junction in the junction- 
gate field-effect transistor. If the substrate is left unconnected, its potential 
will float slightly above that of the source contact so that the back current 
flow of the drain-to-substrate diode is exactly counterbalanced by an 
equal forward current flow from the substrate to the source. 
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Reverse bias may be applied to the substrate to deplete the channel 
and cause an effective shift in the pinch-off voltage as seen from the metal 
gate. The shift in pinch-off voltage for a uniformly doped substrate is: 


21/2 
AV, = 2(&) (Tae) [Veut Wes)? = Wegl!?] (5-96) 


i €s 


where: V,, is the applied substrate bias; and w,, is the “built-in’’ channel- 
to-substrate potential (approximately 0.5 v—-0.8 v for silicon, 
depending on the doping level). 


This analysis is based on a one-dimensional field distribution. If the 
channel-to-substrate depletion-region depth becomes comparable to the 
channel length, the one-dimensional model becomes inaccurate and the 
effect of the substrate bias begins to decrease. The shift in pinch-off 
voltage as a function of substrate bias and substrate doping level is shown 
in Fig. 5-25 for silicon—silicon dioxide. An additional effect of the sub- 
strate gating action is to cause pinch-off at the drain for drain voltages less 
than V,,, reducing the transconductance. 
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Figure 5-25. Shift in pinch-off voltage vs. applied substrate reverse bias 
(silicon substrate). 


In the section. on voltage gain, the effect of capacitive feedback from 
the drain to the source region of the channel through the substrate was 
examined. It was found that if the substrate was conducting sufficiently, 
the substrate gate would act as a screen grid to shield the channel from the 
drain. For the shielding to be effective, the channel-to-substrate depletion- 
region depth should be significantly smaller than the channel length. 
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This requirement must be balanced against the undesirable increase in 
drain-to-substrate capacitance. 


7. Impurity surface inversion layer (doped channel) 


In the fabrication of field-effect transistors, one alternative is to dope 
the surface of the semiconductor so that a conducting inversion layer is 
formed without the application of an external electric field. This layer 
may be modulated by application of the electric field. A uniform p-type 
background with n-type surface doping will again be considered. 

It is assumed that the mobile charge density follows the spatial dis- 
tribution of the diffused impurity centers exactly. For the case at hand: 


ny) = Ndy)—-Na (5-97) 


This is accurate only if the dimensions involved are large compared with 
the characteristic Debye length, \, = [e,k7T/q?n(y)]}'? based on n(y). 
Consider the case of a total sheet density, AN, per unit area, of n-type 
impurity distributed over a depth, d, where d— 0. The effect of the 
doping is to act as a surface sheet charge of Q, = gANg, and to add a 
component to the surface field of 6g = gANq/és. For no applied external 
(gate) field, there will be an internal field, § sa, terminating at the surface 
of the charges gAN,. The effect of this surface charge is identical to 
the effect of an applied gate field of (€,/e,) & sa. To a good approximation, 
the mobile electron distribution is characterized by the Debye length: 


— Fal _kTIq (5-98) 
q’ns 6 sa 


where n, is the mobile electron density at the surface and qn,\ = Q,. 
The approximation, d— o is equivalent to setting d < \. This states that, 
for purposes of fabrication of a shallow doped channel, the distribution 
of the diffused impurities is unimportant so long as the total sheet density 
is at the proper value, and the diffusion depth is much less than the char- 
acteristic length: 


ics kT/Q 
° gANalés ee 


8. Temperature dependence of the MOS transistor characteristics 


Temperature-dependence of the carrier mobility and _ pinch-off 
voltage will now be considered. It will be pointed out that, for units 
using an induced (rather than doped) channel, operation at temperatures 
as low as liquid helium is possible. It also will be shown that, for a unit 
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in which the surface mobility is significantly lower than the bulk mobility, 
the effect of lattice thermal scattering is reduced. 

The major temperature-dependent mechanisms in the MOS transistor 
are: 


1. Carrier mobility in the channel. 
2. Surface state contributions to the transfer characteristic. 
3. Drain-diode leakage current. 


1. The carrier mobility in the channel generally decreases with 
increasing temperature because of increased carrier-phonon scattering. 
If the channel is a surface inversion layer produced by an external 
gate field, operation at temperatures as low as that of liquid helium is 
possible since the channel carriers will not ‘“‘freeze out.”’ This contrasts 
with the behavior of the bipolar transistor in which operation ceases 
when the mobile carriers “freeze out’? into the impurity centers. The 
actual temperature-dependence of the surface mobility differs from that 
in the bulk because of the complex nature of the surface region. The 
effect of lattice thermal scattering becomes apparent only when the lattice- 
scattering mobility decreases to the point where it is less than the mobility 
due to surface and the surface-region scattering. If 4, ~ 1300 cm?/v-sec, 
pts ~ 600 cm?/v-sec, and the lattice scattering mobility varies as T-*?, 
the temperature variation of mobility due to the bulk lattice scattering 
will be small even up to T = 200°C. 

2. The temperature-dependence of the surface states and their in- 
fluence on the transfer characteristics of the MOS transistor have been 
considered by Heiman and Miiller..7 A good semiquantitative under- 
standing may be obtained from the following. Setting the current from 
source to drain constant, we may investigate the effect of variations in 
temperature on the gate voltage required to maintain this current constant. 

For the total charge in the channel inversion layer to stay constant 
with temperature variation, the Boltzmann factor e- “@cs-=r/*? must be 
constant, (E,, is the energy of the conduction band at the surface, and E; 
is the Fermi level). Hence, (E,, — Er) » kT, and the Fermi level moves 
linearly with temperature. As the Fermi level moves, it may sweep 
through surface state levels and change Q,,, the net charge in the surface 
states, and hence the field in the oxide. A change in gate voltage is re- 
quired to maintain a constant current. For most cases, the surface state 
distribution (in energy) may be considered uniform over the range of 
energy variation of the Fermi level (e.g., AE, ~ 2kT for AT ~ 100°C). 
The change in gate voltage is simply AV, = C;AQ,,(T), and: 


BV) _ ~dQss , dEp _ 


dT |1, ‘dE; ~ dT eae 


GATE VOLTAGE (VOLTS) 
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where yr is a constant dependent on the surface state density and the 
initial level of the gate voltage. In general, | y7 | increases with increas- 
ing surface state density and decreases with increasing channel charge 


(or gate voltage). A typical set of curves'® for this effect appears in Fig. 
5-26. 


oe 
z 30.6 mv/ C 


~ 
o™ 


o™ 


re) 20 40 60 80 100 120 140 
WAFER TEMPERATURE ( °C) 


Figure 5-26. Temperature-dependence of pinch-off voltage in a typical MOS transistor. 


3. In the conventional MOS transistor structure, the drain contact 
forms a back-biased diode with respect to the substrate. The tempera- 
ture performance of this diode is conventional and is not influenced by 
Beta multiplication effects observed in the bipolar transistor when the 
base is not grounded to the emitter. 

POWER LIMITATIONS. The power limitations of the MOS transistor 
are nearly identical to those of the bipolar transistor. The dissipation of 
power is limited primarily by the thermal resistance of the transistor- 
package combination. For channel lengths much smaller than the wafer 
thickness, the conduction of heat from the channel into the substrate is 
radial (cylindrical) and leads to a logarithmic dependence of temperature 
on power dissipation rather than the linear dependence characteristic 
of planar heat flow. 


160 
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For large-area junction-gate devices, Dacey and Ross” calculate a 
maximum permissible power dissipation of several hundred watts/cm?. 
Measurements on small-area silicon MOS transistors, in which the heat 
flow is radial from the channel into the substrate, indicate that power 
dissipation per unit area of channel may run as high as 10,000 watts/cm? 
without limiting transistor performance. 

THERMAL RUNAWAY AND INSTABILITIES. In the MOS transistor, 
the net drain current decreases or increases only slightly with increasing 
temperature. The power dissipation has either a negative or small positive 
temperature coefficient, and thermal runaway of the type exhibited by the 
bipolar transistor does not occur. Early MOS silicon transistors, under 
the influence of applied positive gate voltage, exhibited a temperature- 
dependent instability which took the form of a shift in the /, vs. V, trans- 
fer characteristic along the V, axis (i.e., a shift in the pinch-off voltage) 
with time. The direction of the shift was opposite to the sign of the gate 
voltage and was enhanced by elevated temperature. The cause of this 
instability is a motion of charged centers in the oxide. Modification of 
the chemical structure of the oxide has largely eliminated this instability. 


5-3 JUNCTION-GATE FIELD-EFFECT TRANSISTOR 


The junction-gate unipolar transistor was described by Shockley’? in 
1952. It is a means of obtaining a practical field-effect device without 
the need to solve the surface state problem. Figure 5-27 shows the 
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Figure 5-27. Junction-gate field-effect transistor. 


structure. The mechanism for charge control is the capacitance of the 
reverse-biased p-n junction. Since the electric field now is completely 
immersed in the semiconductor, the surface plays no part in the device 
Operation, and the problem of surface states is avoided. The use of a p-n 
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junction allows only depletion of charge from the channel, as revers- 
ing the applied gate voltage forward biases the p-n junction and results in 
heavy current flow. Extensive analyses of this device have appeared in 
the literature,?°?!--?-?3 and only the more significant aspects of its behavior 
will be reviewed. 


1. Basic device equation. 


The n-type channel will be considered to be uniformly doped. The 
cross-sectional area available for conduction at a point x along the channel 
is then: 


A(x) = [b—2d(x)]w (5-101) 


where: b = total depth of the bar of semiconductor; 
d= depth of the depletion region; and 
w = width of bar of semiconductor. 


The pinch-off voltage is that gate-to-channel voltage for which d= b/2. 
An analysis!’ of this case yields the following characteristic equation: 


wb. [Vq, 2/V,—Va?? 2/V,\7/ 

VERT ADT [eds emr| om 
3/2 
0 Dp 
Vege? (5-104) 
and 
1/2 

2n= ra - 7 (5-105) 

0 PD. 


where a constant mobility, ,, has been assumed. The effects of mobility 
variation may be computed in a fashion similar to that for the MOS 
transistor.”° 


2. Power dissipation limitations 


Dacey and Ross”° have computed that it is not feasible to operate the 
junction-gate field-effect transistor in the regime of square-root field- 
dependent mobility because of excessive power dissipation. The upper 
limit of power dissipation was set at several hundred watts/cm? based on 


a large-area device. 
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For present planar-type devices (a typical structure is illustrated in 
Fig. 5-28), the power dissipation into the substrate is ‘cylindrical’ as 
in the MOS case discussed in Section 5-2. The effective area used in 


DIFFUSED N+SOURCE 
CONTACT 


DEVS? tle DIFFUSED N+ DRAIN 


CONTACT 
LLLGLLL LL LA 


eee em -_-s 


DIFFUSED N-TYPE 
CHANNEL 


SUBSTRATE GATE TO- 
CHANNEL DEPLETION 
REGION 


P-TYPE SUBSTRATE GATE 


Figure 5-28. Planar p*-n junction-gate field-effect transistor. 


computing the power density is significantly larger than the actual active 
channel area. In general, the maximum allowable power density is on the 
same order as that for a bipolar transistor of equivalent over-all area. 
Typical values for this power are on the order of hundreds of watts/cm?, 
consistent with the predictions of Dacey and Ross. The same power 
density, computed in terms of the active channel area, may be as high as 
10* watts/cm?. 


3. Temperature performance 


The temperature performance of the junction-gate field-effect tran- 
sistor is somewhat poorer than the equivalent MOS structure due to the 
degradation in input impedance of the reverse biased p-n junction. 
The behavior of the drain-to-substrate junction (in the planar-type unit) 
is basically identical to that in the MOS structure. An advantage of the 
junction-gate field-effect transistor is the lack of a surface-state component 
in the temperature-dependence of the threshold voltage as observed in 
the MOS transistor. 


4. Frequency response 


The fundamental frequency response of the junction-gate unit is 
controlled by the same factor as in the MOS transistor, i.e., carrier 
transit time from source to drain. In the junction-gate field-effect tran- 
sistor there is a more significant problem with the parasitic source resis- 
tance. This resistance arises from the necessity of spacing the highly- 
doped gate region away from the highly-doped source region to maintain 
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a reasonably high gate-breakdown voltage. This portion of inactive 
channel length acts as a degenerative resistance. The effects of a resis- 
tance of this type on the device current-voltage characteristics have been 
briefly considered in Section 5-2 for the MOS transistor. A similar 
analysis may be performed for the junction-gate unit. This degeneration 
often results in a device having a fairly good approximation to square-law 
behavior. This is illustrated qualitatively in Fig. 5-29, where the effect 
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Figure 5-29. Normalized transconductance vs. normalized gate voltage as a 
function of degenerative source resistance for junction-gate transistor. 


of the resistance is to cause the normally concave upward g, vs. V, 
curve to become more convex. For the appropriate r,, this can result in 
approximate square-law behavior over a reasonably wide range of gate 
voltages. 
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Noise in Field-Effect 
Transistors 


Harwick Johnson 


6-1 NOISE IN ELECTRON DEVICES 


Exhaustive studies of the noise behavior of field-effect transistors, par- 
ticularly in the case of insulated-gate transistors, have not yet been made. 
This chapter deals with the first-order principles of the more significant 
noise sources to provide an understanding of the basic noise behavior of 
field-effect transistors. Parasitic series source and drain resistance are 
not included as sources of thermal fluctuations in the noise analysis. 
These can readily be added to the basic behavior by suitable manipu- 
lation of the equivalent circuit representations. 

Consideration of the noise behavior of any solid-state active device 
involves the evaluation of the contribution of three types of noise. These 
are generally denoted as thermal noise, shot noise, and 1/f noise. Thermal 
noise is due to the thermal agitation of carriers in conducting media under 
conditions of thermal equilibrium. This is the familiar noise of a resistance 
and may be represented by a mean-square current generator: 


in parallel with the resistance R. kT is the Boltzmann energy and Afis the 


frequency bandwidth. Reference to thermal fluctuations according to the 
160 
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conventional formulation applies strictly to systems in thermal equili- 
brium. Application to portions of active semiconductor devices, such as 
the channel of a field-effect transistor with voltage applied, implicitly 
assumes that the thermal distribution of charge is not significantly 
altered. This situation has been discussed in connection with the use of 
Boltzmann statistics in the analysis of device behavior.’’? (See Chapter 
5.) The use of Boltzmann statistics was found justified for the induced- 
channel field-effect transistor and this transistor model will be used in the 
following analysis. 

Shot noise has its origin in the discreteness of the charge carriers and 
the random manner in which they are produced. These are the individual 
events of generation and recombination of carriers, which are statisti- 
cally averaged to measure such properties of semiconductors as lifetime, 
surface recombination velocity, junction currents, and diffusion constant. 
These phenomena generally give rise to mean-square current fluctuations 
proportional to the current flow, /, and are represented by: 


v= y2qiAf (6-2) 


where y is unity for purely random events but may be less for physical 
mechanisms involving a smoothing effect. Hence, we have the term 
shot noise by analogy to the fluctuations in current flow in a vacuum tube. 

The term //f noise refers to a type of noise whose power density varies 
inversely with frequency. The inverse linear relationship is loosely 
applied and any noise having a spectrum of this general nature is often 
called 1/f noise. This type of noise is also referred to as flicker or scintil- 
lation noise. In practical devices, this noise is predominant only at low 
frequencies. It is perhaps the least understood of the various types of 
noise mechanisms but is often ascribed to some local alteration of the 
electrical properties of a material through some physical-chemical 
action. Surfaces are particularly prone to give rise to 1/f noise as are 
regions of the material which are highly stressed by electrical fields giving 
rise to leakage currents. Historically, it appears that almost all active 
devices have suffered from large amounts of 1/f noise in their early stage 
of development. The field-effect transistor has not been an exception. 
Also, historically, continued refinement of device processing and quality 
improvement has invariably reduced 1/f noise to insignificant levels at the 
frequency of most applications. 


6-2 NOISE SOURCES IN FIELD-EFFECT TRANSISTORS 


In a field-effect transistor, thermal noise will be produced by the channel 
resistance and by parasitic source and drain resistances. In the first case, 
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the fluctuations interact with the transistor control mechanism to produce 
output current fluctuations other than that which would be indicated by the 
thermal noise of the output resistance itself. Indeed, van der Ziel’ has 
concluded that, in junction-gate transistors at low frequencies, this is the 
predominant noise source in the absence of 1/f noise. At somewhat higher 
frequencies, the channel fluctuations are coupled through the gate 
capacitance into the gate circuit, which further affects the noise perform- 
ance of the transistor. 

In the junction-gate field-effect transistor, the gate junction is reverse 
biased. Guggenbuehl and Strutt* have shown that current fluctuations in 
the current flow through a reverse biased p-n junction can be expressed as 
shot noise. The numerical coefficient, y, in the shot noise expression 
depends on the physical mechanism predominant in the current flow in 
the space-charge region. The physical mechanism may be diffusion in the 
case of germanium junctions or generation and recombination in the case 
of silicon junctions. Other possible noise contributions which may appear 
in the form of shot noise are those caused by the generation and recombi- 
nation of carriers in the channel, and current flow through the space-charge 
region of the pinched-off channel. In the first instance, the noise contri- 
bution is expected to be negligible because the channel in practical 
field-effect devices is heavily doped. In the second instance, experimental 
evidence has not yet shown that this effect is of significance in comparison 
with the noise due to thermal fluctuations in the channel discussed 
earlier. However, most measurements have been made below or near 
saturation where first-order analyses apply. Both experiment and analysis 
need to be extended into the saturation region to conclusively evaluate the 
significance of this possible noise mechanism. 

At low frequencies, 1/f noise is by far the most important noise source 
in field-effect transistors. The frequency below which 1/f noise is domi- 
nant may be less than 10° cps or may be greater than 10° cps, depending on 
the state of the development. For example, early germanium units’ had 
noise factors of 68 db at 103 cps while modern junction-gate silicon units” 
have single-frequency noise factors of less than 1 db at this frequency. 
This improvement is due to the improved quality of the p-n junction, 
minimizing leakage currents and charge trapping centers both on the 
surface and the transition region of the junction. In modern silicon 
junction-gate transistors Sah’ suggests that the major contribution to 1 /f 
noise is due to the fluctuation of charge in the recombination-generation 
centers in the transition region. These are the centers responsible for the 
reverse bias current as well.® 

In contrast to junction-gate transistors where the junction can be 
imbedded in the bulk of a homogeneous material, the insulated-gate 
transistor is a surface-controlled device where the control action occurs 
at the interface between two dissimilar materials, the insulator and the 
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semiconductor. As discussed in Chapter 2, high concentrations of sur- 
face states are often found at interfaces. In addition, the insulator struc- 
ture is noncrystalline (Chapter 3) and contains defect states which may 
exchange charge with the semiconductor. In insulated-gate transistors 
utilizing polycrystalline semiconductors, there is the additional concern 
of localized states at the crystalline boundaries. As a consequence, the 
insulated-gate transistor is susceptible to 1/f noise generated through 
charge exchange with these states in a manner analogous to that given 
by Sah’ for the case of the junction-gate transistor. Current modulation 
by charge exchange with surface states is discussed by McWhorter? as a 
source of 1/f noise. These surfaces or interface states also are of impor- 
tance in the control action of the transistor (Chapter 2) and must be mini- 
mized for that purpose as well. As transistor quality and performance 
are improved, it is reasonable to expect less 1/f noise in insulated-gate 
transistors. 

The quality of the insulator in insulated-gate field-effect transistors 
can be made very good so that gate leakage currents are very small. 
Input resistances of 10'° ohms have been measured in silicon devices. 
The 1/f noise contribution of leakage currents is insignificant in such’ 
units. 

The measured noise distribution for a silicon insulated-gate transistor 
is shown in Fig. 6-1. Although the actual noise is a function of the current 
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Figure 6-1. Typical 1/f noise characteristic for a silicon insulated- 
gate field-effect transistor. 
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and voltage applied to the device, the equivalent mean-squared input 
voltage at 10° cps is on the order of 10~'* to 107 v?/cps for silicon in- 
sulated-gate units, 10-1® to 10-'° v’/cps for silicon junction-gate units, 
and about the same order of magnitude for silicon bipolar transistors. 

A small-signal equivalent circuit representation of the field-effect 
transistor is shown in Fig. 6-2 with noise generators i3 in the output 
circuit and #2 in the gate circuit. From the preceding discussion, the 


SOURCE 


Figure 6-2. Equivalent circuit for the field-effect transistor including 
noise generators. 


principal contribution to 2% will be thermal fluctuations in the channel. 
The principal contributions to 7 will be thermal fluctuations in the 
channel coupled into the gate circuit, shot noise of current flowing 
through the gate, and 1/f noise. In addition, parasitic series resistances 
will add thermal noise sources as indicated. The contributions of thermal 
fluctuations in the channel to 7 and 7 are calculated in the following 
section. 


6-3. THERMAL NOISE FLUCTUATIONS IN THE CHANNEL 


The principal contribution to the output noise generator ig , is from the 
thermal noise fluctuations in the channel modified by the transistor control 
mechanism. This has been analyzed in detail for the junction-gate field- 
effect transistor by van der Ziel.2 An analogous calculation for the 
insulated-gate field-effect transistor using the first-order transistor model 
of Hofstein and Heiman! is given below. This model is shown in Fig. 
6-3 and the relationships are applicable to first-order in either the MOS 
or TFT structures. The thick oxide case is assumed and parasitic series 
resistances are neglected. The necessary transistor relations from 
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Chapter 5 are as follows. (Absolute quantities are given per unit channel 


width.) 


SOURCE 


Figure 6-3. Model for an MOS field-effect transistor. 


Surface charge density in channel [from Eq. (S-1)]: 
a) =F{VoVr- Va) | Ve) <(V,-V) 


Surface conductivity of channel: 


pa(x) 
Differential channel resistance: 
be dx 
a(x) 
Channel current from Eq. (5-79): 


la = a(x) &(x) 
=Eily py poy] a 
== d, iz Vy v6)| dx 
Drain current from Eq. (5-2): 


La= Fl Vs VoVa— V3 | 


(6-3) 


(6-4) 


(6-5) 


(6-6) 


(6-7) 


Where £,=e,u/d; is the field-effect surface conductivity-to-voltage 
ratio and where the pinch-off voltage has been inserted according to the 


discussion of Chapter 5. 
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At drain current saturation, V;=V, — V>, and the drain current from 
Eq. (5-9) is: 


1 Bs 
las = > Ew, — V,)? (6-8) 
The transconductance at drain-current saturation from Eq. (5-10) iS: 
em = EV,-V,) 6-9) 
By differentiation of Eq. (6-5), the drain conductance, dl] qldV , at Vqg= Oils: 


Sao = 8ms = Ev, —V,) (6-10) 
and at V7, = 0, V, = Oitis: 


Eaoo = Fs V (6-11) 


To find the drain current change due to a voltage perturbation in the 
channel, consider the channel voltage distribution shown in Fig. 6-4. 


Va - 


Vv 


Figure 6-4. Channel-voltage distribution in the 
presence of a voltage perturbation 6V. 


If V,(x) is the normal equilibrium distribution, then a perturbation 6V 
introduced at x = x, will alter the potential distribution somewhat in the 
manner shown. Since the channel current is given by Eq. (6-6), the 
current change will be: 


SEC. 6-3 NOISE IN FIELD-EFFECT TRANSISTORS 167 
dV. dV, 
Ai — hi — lo = Bs [Vo Va= Viel = [ve Ver vid} 
0O<x< x 
(6-12) 
dV. dV, 
Ai = ig—iy = Bo Vo Vale G2 — Vp Vr Voto S| 


Xy<x<l 


Integrating between the indicated limits, imposing the condition that 
Ai is constant throughout the channel, and adding, we find that: 


Ai = — avr Va—Vp—V(x9)} (6-13) 


where 6V = V.(x,) — V,(x,). 
The thermal. noise fluctuation in the differential channel resistance, 
dr, gives rise to a mean-squared voltage fluctuation: 


5? = 4kT Afar = Pa dV ‘ea 
d 


upon using Eqs. (6-5), (6-3), and (6-6). Then, since iq 1S Constant in 
the channel: 


2 
Ai? = aT ay a V,—V,— V(x.) }? dV (6-15) 
d 


is the mean-squared current fluctuation in the drain current due to a 
voltage fluctuation at x= x,. Integrating over the entire channel, we 
find the output noise current squared: 

1,.2 


>¢ 1—y+3n 
igo = sc aa Pe a = 4kKTASE ms f,(n) (6-16) 


where the relative drain voltage, y=V,/(V,—V,), is a measure of 
approach to saturation (n= 1). Beyond 7 = 1 the relations no longer 
apply. Experiments indicate that no large error is introduced on applying 
values for the saturation condition for a reasonable distance into the 
saturation region. The function, f,(n), is shown in Fig. 6—5. 

At saturation (y = 1), Eq. (6-16) reduces to: 


2% = 3X AKT Afens (6-17) 


168 NOISE IN FIELD-EFFECT TRANSISTORS SEC. 6-4 
At Va = 0: 


= AKT ASG ao = 4kT ALE ns (6-18) 
and at Vz = 0, V, =0: 


i? = 4kTASE doo (6-19) 


that is, the thermal noise of the unbiased channel as would be expected. 
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Figure 6-5. Plot of the function f,(»), where 7 = 
Va V, _ Vy. 


6-4 NOISE INDUCED IN THE GATE CIRCUIT 


The thermal fluctuations in the channel which give rise to the output 
noise generator discussed previously are coupled to the gate circuit by 
virtue of the gate-to-channel capacitance. This causes a contribution 
to the input noise generator, i2. Since this phenomenon underlies both 
2% and 2, the input and output noise generators will be partly correlated. 
Because of this correlation, the output noise will not be the simple sum 
of contributions from #% and # calculated separately. The correlation 
between these noise generators must be taken into account in determining 
the total noise output. 

The contribution of thermal fluctuations in the channel to 72 has been 
given by van der Ziel’® for the junction-gate field-effect transistor. An 
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analogous calculation for the insulated-gate field-effect transistor will be 
made continuing the first-order analysis given before. 

The channel charge may be considered as the charge on one plate of 
a capacitor whose dielectric is the insulator (assuming the thick oxide 
case) and whose other plate is the gate electrode. A fluctuation in the 
channel charge will induce an equal and opposite fluctuation in charge on 
the gate electrode, causing a fluctuation current in the short-circuited 
gate circuit of: 


i, = Joq (6-20) 


The central calculation is, therefore, to obtain the change in the channel 
charge to a voltage perturbation, dV, at x = Xo. 

Using Eq. (6-3) to express the channel charge density appropriate 
to the voltage distributions in the channel for the perturbed and unper- 
turbed distributions of Fig. 6-4, we find the incremental change in charge 
density: 


Ao(x) = a(x) — a(x) 
=7", W—-Vio} OK<x<x, 
(6-21) 
=FAW OV} esx <! 


The net change in charge per unit channel width is then: 


l é; l Xo l 
Aq = | Aa(x) dx = A i V(x) dx — | V(x) dx — | V(x) dx| (6-22) 
0 io 0 


Xo 


Using Eq. (6-6) to integrate over the channel voltage: 


; Va a ee 
—_ “p,{ { [Vo Ve Volo)IV02) gy 


lo 


_ t Vo-Ve-ViGQh Ai) ay (6-23) 
0 


ig t+ Ai 


= | me Niet Si VAx)IV2(x) av| 

V (9) ig + Ai 

where i, and (i,+ Ai) are the channel currents corresponding to the 
equilibrium and perturbed distributions, respectively. Integrating and 
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SEC. 6-4 
neglecting product terms in 6V and Ai, we find that the change of channel 
charge due to a voltage perturbation, 5V, at x = x, is 


Ai jl 
Ags ae “ <x) 


(6-24) 
where: 
eB; 1 Vi Va (6-25) 
2=4 Ss nan oo - 
o,= - {v,-v- <I 
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Figure 6-6. Plot ofthefunctionf,(y), wheren=V(V, _V,)~?. 


Note that Ag is correlated with Ai. Squaring and substituting Eqs. (6-11) 
and (6-12), we find the mean-squared charge fluctuation 


q =(§) acragee | {V,—V,—V(x)} eat ot — ven} dV (6-26) 


Upon integrating: 


2 
= akT Af — X fo(n) (6-27) 
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where C =e,l/d, is the gate-to-channel capacitance per unit channel 
width and the function: 


ames = {e- oe _ 1.2 _@=3y) = 2 
(6-28) 
+G—4 iad 
is shown in Fig. 6-6. 
At saturation 7 = | so that: 
ai C2 
= 0.12 x ce (6-29) 
and 
2072 
2 =0.12 x 4kTAf ae (6-30) 
At Vq= 0,7 = O and: 
G=75% 4kTaf— = 5x aT Of (6-31) 
AtV,=V,=0 
ga , — xX AKT Mf (6-32) 
12 8 doo 


To evaluate the significance of correlation between the drain and gate- 
circuit noise generators, the cross-product fluctuation must be known. 
To find i* ig, multiply Eq. (6-24) by Ai, and use Eq. (6-15): 


3 il 
AqAig = ser Of Ve = V5 vir} 10, cas v.00] dV (6-33) 


Integrating over the channel and multiplying by jw: 


ify = 4kTAS XjoCfs(n) (6-34) 
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where the function: 


_ 1 f@—4n) : 
JO) = aol (1 —+3n”)— @—3n +h)| (6-35) 


is shown in Fig. 6-7. 


Figure 6-7. Plot of the function f,(m), where n= 
VV, i Ves 


At saturation, 7 = | and: 
ix ig = 4kTAS X 0.11 jwC (6-36) 


Defining a complex correlation coefficient," 


C= = (6-37) 


This may be evaluated at saturation from Eqs. (6-17), (6-30), and (6-36), 
and it is: 


c =/j0.39 (6-38) 
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6-5 NOISE FACTOR AND EQUIVALENT NOISE RESISTANCE 


The noise representation of any two-port can be reduced to that shown in 
Fig. 6-8. The relations for the minimum noise factor are:"! 


Fin = 1+ 2Rn(Gv— Go) (6-39) 


Figure 6-8. General noise representation of 
a two-port. 


where R,, is an equivalent noise resistance, G, is the correlation conduct- 
ance, and Go, the optimum source conductance, is given by: 
G,+ R,G}\"” 
G,= Ag) (6-40) 
R, 


where G,, is an equivalent noise conductance for the uncorrelated com- 

ponent of the noise-current generator. For a first-order consideration of 

the noise in insulated-gate field-effect transistors, R, may be identified 

with 73, by: 

re 
m 


= ae 4kTAFR,, (6-41) 


assuming the transadmittance is essentially real and the current generator, 
i? of Fig. 6-8, is identified with the gate noise, i . 

The induced gate noise varies as w” from Eq. (6-30), and in the pres- 
ence of a series source resistance it will be further modified to become 
important when w > 1/RC. If R, = 100 ohms and C = 107" f, this corre- 
sponds to frequencies above 100 mc/sec. Therefore, at frequencies below 
which the induced gate noise can be neglected, both G, and G,— 0, 
and, as for a vacuum tube, there is no minimum noise factor until other 
considerations are introduced to limit the source conductance. It should 
be recalled that only channel thermal fluctuations are being considered. 
The equivalent noise resistance then completely characterizes the noise 
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performance of the device. From Eqs. (6-41) and (6-17) at saturation: 


2 


Rn = 3 2ns 


(6-42) 


This is about one-fourth of the equivalent noise resistance of a vacuum 
tube having equal transconductance. For the vacuum tube:!” 


(6-43) 


At frequencies where the gate noise is important, it is necessary to 
evaluate the cross-product fluctuations. By definition’! of the correlation 
admittance: 


er* = yr (6-44) 


But from Eq. (6-34), the cross product i,*iq is reactive; so with e? being 
identified with 44 , the correlation admittance will be essentially suscep- 
tive so long as the transadmittance is essentially real. Then, the correla- 
tion conductance, G,, is approximately zero and the minimum noise 
factor is: 


Frrin = 14+2VR,G, (6-45) 


To find the uncorrelated noise current: 


B= PB oe = B — vy*e? (6-46) 


2 
m 


whence by manipulation of Eq. (6-44) and = i2/ g 
[eis |e = 2 
R= 8% ——2- FAI) (6-47) 


and, by definition: 


—~_F _aps 
G,= 4kT Af“! Ic| ) (6-48) 
At saturation, from Eqs. (6-30) and (6-38): 
C2 
G, = 0. 1020°7 (6-49) 
ms 


and 
_ C -50 
Fin = 1+0.52@ _ (6-50) 


m 
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If, for example, C = 107"! f and g,, = 2000 wmhos, then at 100 mc/sec, 
F min = 4.2 db. 

Measured noise factors of insulated-gate field-effect transistors are 
given in Chapter 11. For a high-frequency transistor, typical noise 
factors are 4.5 db at 10 mc/sec and 6 db at 60 mc/sec. For an ultra-high- 
frequency transistor, noise factors of 3.5 db at 200 mc/sec and 4 to 5 db 
at 400 mc/sec were measured. 
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Radiation Tolerance of 
Field-Effect Transistors 


S.M. Christian 


7-1. FACTORS AFFECTING TRANSISTOR DECAY UNDER 
BOMBARDMENT 


1. Types of radiation; equivalence factors; effects on materials 


For both military and civilian applications, active solid-state devices 
are needed which will operate despite the radiation encountered in outer 
space or in terrestrial nuclear environments. Because field-effect devices 
are relatively insensitive to radiation compared to conventional transis- 
tors, an evaluation of the effect of radiation on their performance is 
particularly appropriate. 

Intense radiation may occur near a radioactive material or chain 
reaction. Neutrons from reactors are especially damaging. In space, 
men and equipment may encounter (1) a small flux of galactic cosmic-ray 
protons, (2) damaging electrons and protons trapped in the Van Allen 
belts; and (3) very damaging protons from brief solar flares. As an exam- 
ple of the severity of environment which exists, consider a satellite whose 
orbit intersects a Van Allen belt. The integrated flux bombarding its 
surface may amount to 10" fast protons and 101° fast electrons/cm? per 
year at the middle of the belt, but only 1% as much during most of its 
path.’ The dosage reaching a transistor is greatly reduced by shielding. 

The possible combinations of different types of radiation striking 
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devices of different materials and designs are so numerous that it would 
be an excessive task to measure the damage in each case of interest. 
Semiquantitative comparisons, in the form of approximate equivalents, 
may be given for the relative amounts of damage caused in solids by 
common types of radiation. The damaging effects of the elementary 
particles generally follow the order of severity: 


proton > neutron > electron > gamma photon 


Table 7-1 shows the relative damage produced in germanium by typical 
particles.” ? 
Table 7-1 Relative Damage Per Particle in Germanium 


Particle Energy Source Effects 
Displacement Ionization 


Proton 20 Mev inner Van 300 100 
Allen belt 

Proton 200 Mev solar flare 75 15 

Neutron 1 Mev reactor 100 0.3 

Electron 0.6 Mev inner Van 1 20 
Allen belt 

Gamma photon 1.25 Mev reactor 0.004 0.04 


Gamma-ray doses are usually given not in photons, but in rads of 
absorbed energy. One rad is defined as 100 ergs/gram, and it is roughly 
equivalent to a roentgen, that quantity of radiation which will produce 
1 e.s.u. each of positive and negative ion charges per cm? of air. 

In transient ionization effects, | rad of gamma rays is roughly equiv- 
alent to 10° fast neutrons/cm?. Near nuclear power plants, gamma-ray 
damage may be comparable to that from neutrons.* The neutron energies 
cover a broad spectrum, including both slow or thermal and fast neutrons 
with energies above 1 Mev. The degradation for a given dosage is often 
not the same at different reactors, probably because of variations in the 
neutron spectra.!° 

Damage also varies with the target material. Silicon is damaged more 
than germanium, having a lower energy threshold for the displacement of 
atoms in the crystal lattice. A few elements, notably boron and cadmium, 
have very large absorption cross sections for thermal neutrons. 


2. Transient versus integrated dose 


The difference between transient and permanent effects is often of 
critical importance. In general. the amount of permanent damage is 
proportional to the integrated incident dose and independent of dose rate. 
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The transient damage is often proportional to instantaneous dose rate and 
independent of integrated dose. An exception is the transient surface 
ionization of bipolar transistors, which increases with the integrated 
dose.®> No such behavior is found in insulated-gate field-effect transistors, 
since they have no p-n junction exposed to surface leakage. 

Some field-effect transistor constructions may be subject to excessive 
self-heating in an intense flux of thermal neutrons. At the core face of a 
typical research reactor, the flux is about 10’ n/cm?/sec and is strongly 
absorbed by borosilicate glass. The glass substrate of a typical thin-film 
transistor in this flux will generate possibly more than 10 watts of heat, 
and certainly enough to damage the unit permanently. 

Transient effects are greater per rad for gamma exposure than for 
particle irradiation. A pulse of radiation absorbed by a semiconductor 
releases free holes and electrons, causing a pulse of added conductivity 
which vanishes when these carriers recombine. A gamma pulse of 10° 
roentgen/sec may cause disruptive leakage current across an insulator.® 
Majority-carrier devices, particularly field-effect transistors and tunnel 
diodes, are expected to be more resistant to rate effects than bipolar 
transistors. 


3. Modes of damage in semiconductor devices 


To analyze specific cases, the various mechanisms that cause damage 
must be considered. Collisions of fast neutrons or protons with nuclei 
are usually elastic, displacing atoms to form relatively permanent lattice 
vacancies and interstitials, or displacing electrons to cause ionization or 
emission. The ionization is transient and is limited to about | millisec by 
carrier recombination. The displaced atoms act as traps or recombination 
centers to reduce carrier concentration, and as scattering centers to 
reduce mobility. Both effects result in lower conductivity and smaller 
current gain. Collisions of slow neutrons are often inelastic, add perma- 
nent impurity atoms by transmutation, and induce radioactivity. 

Damage may occur in the bulk semiconductor, on its surface, or in the 
supporting structure. High-frequency thin-base bipolar transistors are 
less vulnerable than thick-base types, because the carrier recombination 
increases as the square of the base width.” An unshielded, thin-base 
germanium transistor may operate usefully 1 year in outer space but only 
3 days at the center of a Van Allen belt.® 

Semiconductors are more vulnerable than metals or insulators. Above 
10'4 neutrons/cm?2, all conventional semiconductor devices deteriorate 
and only special types remain useful.* In comparison, ceramic capacitors 
and some ceramic vacuum tubes? are operable above 101* neutrons/cm”. 

Bipolar transistors are injured chiefly through reduction of minority- 
carrier lifetime. For example, the lifetime in intrinsic germanium was 
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decreased® almost two orders of magnitude by 3 X 10? fast neutrons/cm?. 
Since field-effect transistors are majority-carrier devices, their action 
should not be greatly impaired by loss of lifetime. 

Both theory and experiment’ have shown that in bipolar transistors 
the degradation, measured by an increase in the reciprocal of the current 
gain, B, follows the equation: 


a+ 
Bo 


Ko (7-1) 


TD 


where ¢ is the integrated flux of bombarding particles. Except for differ- 
ing values of K, this simple function holds for irradiation by neutrons, 
protons, alpha particles, electrons, and gamma rays. This indicates that 
one basic cause of degradation, reduction of minority-carrier lifetime, is 
involved.? No corresponding principle applies to field-effect transistors. 

Neutron-irradiated bipolar transistors show complete recovery of 
reverse current, /,»., in two days, partial recovery of B, but no recovery 
of switching time in a week.® No analogous generalization has been found 
for field-effect transistors. 

Surface effects are transient and understood less than bulk effects. 
Devices of different types respond differently and there are wide varia- 
tions within a type. The Telstar experiment® demonstrated the practical 
importance of surface effects in bipolar units. Surfaces are greatly affec- 
ted by doses below the threshold of bulk damage. The chief mechanism is 
the formation of ions on the surface to induce a channel for reverse 
current. Exposure to 10‘ rads increased the reverse current of silicon 
transistors 50% in gas-filled cans. 10° rads changed germanium units 
similarly. Yet 107 rads caused no surface effects to an evacuated unit. 

Similar effects are anticipated in any field-effect device which has a 
high potential gradient at a surface exposed to air. 


7-2. EXPERIMENTAL RESULTS 


1. Comparison of field-effect transistors with bipolar transistors 


An exemplary investigation has been made of the relative tolerance 
of bipolar and field-effect silicon transistors to 1-Mev electron bombard- 
ment.’ The FE200 is an n-type junction-gate field-effect transistor. The 
2N930 is an n-p-n bipolar transistor with similar low-power, high-gain 
characteristics. Forty units of each were irradiated and the degraded 
gain, reverse-biased junction current and saturation voltage were meas- 
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ured. Figures 7-1 and 7-2 show the results. Gain was measured by the 
current transfer ratio, hy, for the bipolar, and by the transconductance 
2m, for the unipolar transistors. 


NORMALIZED GAIN 


fe) 1o'° fe) io'® > (10 
DOSAGE (ELECTRONS / cm?) 


Figure 7-1. Degradation of current gain in bipolar units and 
transconductance in junction-gate field-effect units by 1-Mev 
electrons (after Roberts and Hoerni). 


NORMALIZED PARAMETERS 


DOSAGE (ELECTRONS / cm?) 


Figure 7-2. Degradation of leakage current and saturation 
voltage by 1—Mev electrons (after Roberts and Hoerni). 
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The field-effect transistor was still useful after a dosage 1000 times that 
which rendered the bipolar units unusable. The 2N930 tolerated more 
radiation if operated with high collector current, but the high input 
impedance was lost under this condition. After a dose of 10'® electrons/ 
cm’ the gate current of the FE200 had increased relatively more than the 
reverse current of the 2N930; but the input impedance of the former was 
still usefully high. The increased gate current of the FE200 is explained 
by the increase of generation-recombination states in the reverse-biased 
junction. 

The increase in saturation voltage, Vesa, of the 2N930 resembles 
the decrease in g,, of the FE200. This indicates that both effects are due 
to one mechanism, a reduction in majority-carrier conductivity. 

Another study” extended the dosage to 2 xX 10'* electrons/cm”. 
Three other field-effect transistors were degraded slightly more than 
the FE200, losing half their transconductance after 1.3 < 10!* electrons/ 
cm”. Some of this damage was annealed out by heating at 100 to 300°C, 
and very slow recovery occurred at room temperature. 

To simulate space effects, transistors were bombarded with 22 to 
440 Mev protons.'* Damage appeared above a threshold of 101! protons/ 
cm’. It then varied directly with integrated flux and inversely with 
proton energy, following the trend seen in Table 7-1. A 2N2497 silicon 
field-effect transistor lost 25% of its drain current at fixed voltage after 
3.4 x 10° protons/cm?. Bipolar transistors are severely damaged!‘ by 
proton doses above 10!2/cm?. 

Several comparative studies have been made of field-effect and bipolar 
transistors in the mixed flux of nuclear reactors. In each case the unipolar 
device is more resistant because it does not suffer from loss of minority- 
carrier lifetime. The field-effect device seems to suffer primarily from loss 
of conductivity. In one case,’ while the g,, decreased 9.1%, the channel 
conductance decreased 16.7% per 10'* neutrons/cm?. This suggests that 
field-effect transistors with higher initial majority-carrier concentration 
would have greater tolerance to neutrons. Also 3.5 X 107 rads of gamma 
rays caused excessive gate leakage through ionization. 

A similar study’? comparing five different shapes of junction-gate 
field-effect transistors showed that the degradation depends less on the 
geometry than on the doping. It was also found that 10’ neutrons/cm? 
raised the resistivity of silicon by a factor of about 30, agreeing roughly 
with the loss of drain current in transistors of the same kind of silicon. 
These units (e.g., 2N2608 and 2N2386; Fig. 7-4) tolerated on the average 
1014 fast neutrons/cm? before losing 30% of the initial g,,, and herein 
equal or excel the most resistant bipolar transistors. 

A third study!® compared 10 developmental field-effect units with 
100 bipolar units of various types, measuring several parameters inter- 
mittently during irradiation. The unipolar transistors were by far the most 
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tolerant, surviving 10° fast neutrons/cm? before losing 30% of their gy». 
Next most tolerant were the high-frequency germanium bipolar units, 
losing 30% of their gain at 6 X 10'* n/cm?. Least resistant were the low- 
frequency silicon bipolar transistors, which failed the 70% gain test at 
3 X 10% n/cm?. 

The gate current also was measured on these field-effect units. It 
increased about a decade with the first 10!° neutrons/cm?, remained 
nearly constant to 7 X 10'4 n/cm?, and then decreased by half at 105 
n/cm?. 

These comparisons were made between separate field-effect and 
bipolar units; so it is uncertain to what extent differences in dimensions 
or doping caused the observed differences in radiation tolerance. The 
following experiment!” employed MM765 silicon hybrid tetrodes, which 
can be operated alternatively as either bipolar or unipolar devices. 
Connected through one set of 3 contacts, the device is a p-n-p bipolar 
transistor; using another 3 contacts, it is a field-effect unit. The semi- 
conductor region which serves as the base in the bipolar mode of opera- 
tion acts as the channel in the unipolar mode. 

These units were exposed to successively larger doses of reactor 
neutrons plus gamma rays, and the characteristics were noted after each 
exposure. Figure 7-3 gives a series of oscillograms with the bipolar 
mode exhibited to the left and the unipolar mode to the right, all on the 
same voltage and current scale. 

While the bipolar mode is already affected by a dose of 10” n/cm?, 
the field-effect mode is almost unchanged by 1014 n/cm?. Gate leakage 
remained below | microampere even after the 10’ dose. However, above 
10'*, the g,, of the unipolar mode fell much faster with added flux than 
did the h,. of the bipolar mode. This bears out the earlier suggestion’® 
that bipolar units, although affected by a lower dosage, will retain some 
performance at a very high dose where field-effect units have declined 
even more. A careful analysis has recently been published??. 


2. Insulated-gate silicon transistors 


The foregoing field-effect transistors were of the junction-gate type. 
Several developmental types of insulated-gate units have also been 
irradiated by a reactor’ with similar results. MOS units will be compared 
in this section, the thin-film type being treated in Section 4. Two different 
geometries of silicon MOS transistors were tested and show large 
differences in radiation tolerance. 

A series of symmetrical MOS transistors!’ were exceptionally resis- 
tant to radiation. In this construction, the gate electrode covers the entire 
channel (Chapter 5). Figure 7-4 shows the average of three units: after 
10 mixed neutrons/cm? one unit was almost inoperable; whereas the 
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Figure 7-3. Degradation of integrated bipolar (left) and_field- 
effect (right) transistor by neutron flux, ¢. 
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other two showed considerable gate leakage and hysteresis, but had lost 
only 20% of their g,,. Few active semiconductor devices are so little 
deteriorated after such a high radiation dosage. Comparison with the 
2N2608 and 2N2386 junction-gate units in Fig. 7-4 supports an earlier 
indication?’ that insulated-gate units are more radiation-resistant. 
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Figure 7-4. Degradation of transconductance by neutrons, comparing 
a thin-film transistor with MOS units and junction-gate units. 


The other set consisted of three experimental depletion units with an 
offset gate (see Chapter 8). These transistors!’ lost 50 to 90% of their 
drain current after 10!2 mixed neutrons/cm? (see Fig. 7-4). The damage 
was permanent with no change after many weeks on the shelf at room 
temperature. This sensitivity probably results from the production of 
positive charges in the insulator, causing the bands at the surface of the 
silicon to bend towards p-type, so that the unit becomes inoperable in the 
depletion mode. 


3. Gallium arsenide transistor 


The damage by 1-Mev electrons to an experimental gallium arsenide 
field-effect transistor has been measured.!? After bombardment by 
5 X 10!” electrons/cm?, the unit had lost only 35% of its drain current. 
This is the highest known tolerance of any transistor, presumably because 
of the extremely thin channel and independence of lifetime. 
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4. Thin-film transistors 


Evaporated transistors (Chapter 9) may be expected to be even more 
radiation-resistant than MOS units. Evaporated films are highly dis- 
ordered, and damage to crystal structure should make little difference in 
the operation of the device, which is designed to function in an imper- 
fect medium. The structure of a thin-film transistor (TFT) resembles 
that of a capacitor, which is two orders of magnitude more tolerant of 
radiation than bipolar transistors. 

An early study” showed that thin-film transistors are highly resistant 
to transient gamma radiation. Some of these units were almost unaffected 
by 3 X 10® roentgen/sec. This is an order of magnitude greater than 
the dose rate which injected an excessive current pulse in the best 
bipolar transistor tested. 

Twenty TFT’s (Fig. 9-4a) have been studied after irradiation by 
neutrons and gamma rays.'” Some of these units were destroyed by melt- 
ing of the indium contacts. Most of the remainder survived 104 n/cm? 
nearly unchanged. However, 10° neutrons/cm? reduced the transconduct- 
ance to 5% of the initial value, as in Fig. 7-4. 

Some of this damage may be due to thermal shock from neutron 
absorption in the borosilicate glass substrate. Most of the damage is 
attributed to crystal defects in the CdS, caused by recoil of cadmium 
nuclei after reacting with thermal neutrons. It is known”! that exposure 
to 10'* neutrons/cm? decreases the conductivity of n-type CdS by a 
factor of 5. The failure of these TFT’s may be due to the large capture 
cross section of the cadmium atoms. TFT’s made of other materials 
may yet prove to be among the most tolerant semiconductor devices. 


REFERENCES 


1. W. L. Brown, J. D. Gabbe, and W. Rosenzweig, Bell Syst. Tech. J. 42, 
1505(1963). 

2. P. H. Miller, Jr. and V. A. J. van Lint, ASTM Symposium on Space Radia- 
tion Effects, Atlantic City, 1963. To be published in ASTM Special Techni- 
cal Publication 363. 


3. G. L. Keister, ASTM Symposium on Space Radiation Effects, Atlantic City, 
1963. To be published in ASTM Special Technical Publication 363. 

4. D.J. Niehaus and F. Larin, Nucleonics 22, 85 (May, 1964). 

5. D. S. Peck, R. R. Blair, W. L. Brown, and F. M. Smits, Bell Syst. Tech. J. 
42,95 (1963). 


6. V. R. Honnold and C. W. Perkins, Electronic Industries 21, 99 (February, 
1962). 


186 RADIATION TOLERANCE OF FIELD-EFFECT TRANSISTORS 


14. 


15. 


16. 
17. 
18. 
19. 
20. 


Zh. 


on 


. J.J. Loferski, Jour. Appl. Phys. 29, 35 (1958). 
. L. B. Gardner and J. R. Coss, ASTM Symposium on Space Radiation 


Effects, Atlantic City, 1963. To be published in ASTM Special Technical 
Publication 363. 


. R.E. Moe, Electrical Design News 9, 4 (June, 1964). 
. A. B. Kaufman, Electronics 35, 56 July 13, 1962); Electronic Industries 


23, 94 (March, 1964). 


. C. S. Roberts and J. A. Hoerni, Amelco Semiconductor Technical Bulletin, 


No. 1 (1963). 


. B.A. Kulp, J. P. Jones, and A. F. Vetter, Proc. JRE 49, 1437 (1961). 
. E. Rind and F. R. Bryant, IEEE International Convention, New York, 


1964; [EEE Spectrum 1, 62 (1964). 

W. E. Chapin, D. J. Hamman, E. N. Wyler, and D. Jones, Radiation Effects 
Information Center, Report No. 32, Battelle Memorial Institute, 1963. 

R. V. Babcock, Transactions, American Nuclear Society 4, 60 (1961). 


L. Taylor, Texas Instruments, Inc., Technical Report (March. 1962). 
S. M. Christian, RCA Laboratories, to be published. 

V.H. Grinich, Solid State Design 5, 8 (March, 1964). 

J.T. Wallmark, RCA Review 24, 649 (1963). 


R. W. Marshall, IEEE 10th Annual East Coast Conference on Aerospace 
and Navigational Electronics, Baltimore, 1963. 


C. Kikuchi and R. B. Oswald, Amer. Phys. Soc., Buffalo, 1963; Bull., APS, 
8, 443 (1963). 

B. L. Gregory and F. M. Smits, JEEE Trans. on Electron Devices 12, 254 
(1965). 


8 


MOS Field-Effect Transistors 


Fred P. Heiman 


8-1 INTRODUCTION 


The development of the MOS (Metal-Oxide-Semiconductor) insulated- 
gate field-effect transistor came at a time when semiconductor device 
technology was well advanced. In fact, the use of silicon for many com- 
mercial semiconductor devices produced the wealth of technology con- 
cerned with the preparation of clean, passivated silicon surfaces which 
made this transistor possible. Techniques for the reduction of surface 
state densities and the control of fine dimensions played a major role in 
the development of MOS devices. 

This chapter is concerned with aspects of fabrication and technology 
which apply to the field-effect transistor. Some of the limitations on 
performance set by practical considerations will be given. 


1. Control of surface states 


Bound electronic states located at the surface of a semiconducting 
material originate from the discontinuity of the crystal structure (see 
Chapter 2). These surface states acting as either donor or acceptor sites 
can trap electrons or holes from the semiconductor bulk. Very little is 
known about the control of these states, but it has been demonstrated 
experimentally that a significant decrease in the density of surface states 
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on silicon can be achieved by properly producing a thermally grown silicon 
dioxide layer’? over the surface of chemically etched silicon. It is this 
reduction that allows the electric field produced by the gate potential to 
penetrate the silicon surface and modulate its conductivity. The exact 
mechanism associated with this improvement in the surface properties 
of silicon is unknown; but it is felt that the smooth transition between pure 
silicon and pure silicon dioxide eliminates unsaturated, or dangling, bonds 
commonly associated with surface states. Also, the clean conditions 
under which the oxide layer is grown eliminates contamination of the 
silicon surface by undesirable ambient constituents. 

A surface state density of less than 3 X 10"! cm-? can be obtained with 
present-day technology, whereas workers in this field a decade ago?~ 1! 
reported densities as high as 10'?cm™?. An electric field in the silicon 
dioxide layer of 10® v/cm terminates in an electronic charge layer corre- 
sponding to 2 X 10” electrons cm’. Since the dielectric breakdown 
strength of silicon dioxide is approximately 5 x 10° v/cm, a surface state 
density less than 5 X 10''cm”? is necessary for satisfactory device opera- 
tion. The 1/f noise associated with surface devices has been correlated 
with the transfer of carriers in and out of surface states!? and a reduction 
of the 1/f noise in this transistor requires an even further reduction of 
surface states. 


2. Control! of dimensions 


Another technological advance that proved to be necessary for the 
development of this transistor was the refinement in the control of small 
dimensions that came with the development of photographic tech- 
niques'®’'* for the electronics industry. The use of photosensitive 
lacquers allows one to define a pattern as fine as 1.6 yw as shown in Fig. 
8-1. Although poor uniformity would be expected in dimensions as 
small as this, excellent results are obtained with dimensions on the order 
of 5 to 6 yu. It will be shown below that this range is more than adequate 
for the fabrication of high frequency transistors. 

It has been demonstrated by Johnson and Rose’ that the carrier 
transit time in a charge-controlled triode (such as a bipolar or field-effect 
transistor) is a good measure of the speed of the device. Parasitic ele- 
ments and external circuitry reduce the actual speed of operation, but the 
transit time, which is equal to the C/g,, ratio for an ideal field-effect 
transistor, is a useful figure of merit. 

The transit time for a bipolar transistor is simply the diffusion time 
for minority carriers across the base of the transistor. In a field-effect 
device, current is carried by majority carriers which drift across the 
channel under the force of the drain-to-source field. Using the simplest 
type of analysis, one may estimate the transit time, 7,, for a field-effect 
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transistor under the assumption of constant channel mobility, yu. 


l FP m 
r= = 
"va BV a 
where v, is the average drift velocity in the channel and V,// is the average 
drift field. To achieve a transit time of one nanosecond at a drain voltage 
of 10 v requires a channel length of no more than 15 yw. This calculation 


Figure 8-1. Magnified 
view of photo-resist pattern 
showing a _ line whose 
width is 1.6 microns. 


assumes an average drift mobility of 225 cm*/v-sec, which is a typical 
value when the carriers flow near the silicon surface. The bulk mobility 
for electrons in high-purity silicon at room temperature is approximately 
1350 cm?/v-sec. 

Reproducible control of a 15-4 channel length is readily achieved with 
today’s technology; but the alignment of one pattern over another within 
close tolerance requires a skilled operator working with precision equip- 
ment. This problem will become apparent when the enhancement- 
type transistor is discussed in the next section. 


8-2 ENHANCEMENT-TYPE TRANSISTORS 


The enhancement-type transistor is ideally suited for digital circuit 
applications (see Chapter 12) because direct-coupled inversion is 
possible without the need for level-shifting between stages. This device 
exhibits very low drain current at zero gate bias; the current increases 
with positive gate voltage for an electron conduction (n-type) device and 
increases with negative gate voltage for a hole conduction (p-type) 
device. 

One salient feature of this type of transistor is that the gate electrode 
must cover the entire channel, overlapping both source and drain regions. 
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Any channel region left exposed will contribute a very high series resis- 
tance to the device, since there are few carriers in the channel region 
at zero gate bias. This overlap results in a substantial capacitance from 
gate-to-source (C,,) and gate-to-drain (C,,) unless special provisions are 
made to increase the thickness of the oxide over the heavily doped 
regions. Since the feedback capacitance, C,,, is amplified by the Miller 
effect'® when reflected to the input, this parasitic element poses a limita- 
tion to the speed at which the transistor can operate. 

If the feedback capacitance is to be minimized, the overlap of the 
gate electrode over the drain region must be small. The smallest overlap 
feasible is 2.5 wz, and it requires considerable skill in aligning a large array 
of transistors. For a transistor having a 15-u channel length, the ratio 
of feedback to useful capacitance is 1:6. Due to the Miller effect, the 
total input capacitance will be twice as large as the useful capacitance if 
this transistor operates with a voltage gain of 5. The method discussed 
below for increasing the oxide thickness over the source and drain regions 
results in a significant improvement in device performance. 


1. Ladder geometry 


Figure 8-2 shows a plan view of the ladder-geometry array of en- 
hancement-type transistors; the cross-sectional view through one unit 


Figure 8-2. Plan view of 
enhancement type tran- 
sistors fabricated in the 
ladder geometry. Packing 
density is 2200 transistors 
per square inch, which 
leaves ample room for 
interconnection wiring. 


—~-1.015" 


is shown in Fig. 8-3. The transistors are arranged in tandem; the drain 
of one unit is the source of the adjacent unit. This geometry was selected 
to simplify the interconnection of many transistors in an integrated cir- 
cuit and to reduce the capacitance at each node. However, the dimen- 
sions for this geometry were chosen to minimize alignment difficulties and 
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not to optimize high-frequency performance. A channel length of 15 p 
and a channel width of 125 were chosen. 
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Figure 8-3. Cross-sectional view of ladder- 
geometry transistor showing raised oxide over 
source and drain regions. 


Controlled impurity diffusion into silicon’? makes possible a simple 
fabrication scheme which reduces the feedback capacitance by increas- 
ing the oxide thickness over the heavily doped regions, as shown in Fig. 
8-3. This scheme involves the deposition of a thin film of silicon dioxide 
over the surface of a silicon substrate by the pyrolysis of tetraethyl ortho- 
silicate. The deposited oxide is similar in structure to thermally grown 
silicon dioxide and possesses similar insulating properties. If trimethyl 
phosphate is added to the orthosilicate solution, phosphorus-rich oxide 
is deposited; if trimethyl borate is added, boron-rich oxide is deposited. 
Phosphorus and boron are n- and p-type dopants, respectively, when 
substitutionally added to the silicon lattice. These doped oxides are com- 
monly referred to as n- and p- type. 

Consider the following sequence of operations for the fabrication of 
n-type enhancement-transistors employing the ladder geometry shown in 
Fig. 8-2. 

1. N-type oxide is deposited over the entire surface of a clean, chemically 

polished silicon wafer by the cracking method described above. The 
thickness of the deposited layer is approximately 10,000 A(l LL). 


2. A suitable photosensitive lacquer is coated over the surface of the de- 
posited oxide, and a pattern is exposed and developed to leave rectangular 
blocks of the lacquer over the source and drain regions, as shown in Fig. 
8-4a. The exposed oxide is then removed in dilute hydrofluoric acid and 
the lacquer dissolved. 
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3. The wafer is now cleaned and placed in a dry oxygen atmosphere at 
1050°C for one hour. This heating step allows the phosphorus to diffuse 
into the silicon from the n-type oxide to form the source and drain regions. 
At the same time, silicon dioxide thermally grows on the exposed silicon 
surface, covering the channel region with 1300 A of oxide. 


-ACAIFAZAECAL 
FAZAZACAEAA 


Figure 8-4. Fabrication sequence for 
ladder-geometry transistors (a) after first 
photosensitive lacquer step and (b) after 
final metalization. 


4. Another photosensitive lacquer step is now employed to open holes in 
the deposited oxide, exposing portions of the heavily doped source and 
drain regions. After metallization, the finished array appears as shown in 
Fig. 8-4b, with a portion of the gate electrode separated from the heavily 
doped regions by the thick deposited oxide. 


A cross-sectional view through a completed transistor is shown in 
Fig. 8-Sa. This photograph was obtained after lapping through the center 
of the transistor at a 3° angle with respect to the silicon surface. All 
vertical dimensions must be multiplied by sin 3° = 0.052 to get their 
true values with respect to the horizontal dimensions. The difference in 
thickness between the channel oxide and the oxide deposited over the 
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source and drain regions is clearly visible in the detailed photomicrograph 
shown in Fig. 8-5b. The horizontal lines through the oxide layers 
are optical interference fringes caused by the wedge shape which the 
oxide assumes after angle-lapping. 


Figure 8-5. Cross-sectional view of finished transistor showing thick oxide layers over 
source and drain regions. Angle lap was at 3°. (a) Magnification = 250X:; (b) Magnification = 
1000X. 


This innovation reduces the feedback capacitance by a factor of 8 
and relaxes the tolerance on the length of the gate electrode which over- 
laps the source and drain regions. The output characteristics of a typical 
enhancement transistor fabricated by the above process appears in 
Fig. 8-6. The effect of substrate bias on the electrode capacitances and 


Iq 


Figure 8-6. Output characteristics of 
typical ladder-geometry enhancement 
transistor. Vertical scale: Ima/division; 
horizontal scale: 2v/division. Source and 
substrate are at ground potential. 
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output characteristics is discussed in Section 8-4. These transistors can 
tolerate a transient voltage of +65 v on the gate electrode; the maximum 
allowable gate voltage is limited by the dielectric breakdown strength of 
the oxide layer which is approximately 5 x 10° v/cm. The maximum 
allowable drain voltage is 35 v and is limited by the onset of avalanche 
multiplication in the channel region adjacent to the drain. 


2. Diffusion depth and oxide thickness 


The time and temperature needed for the diffusion-oxidation step must 
be selected to simultaneously yield proper values for the channel oxide 
thickness as well as the diffusion depth for the source and drain regions. 
The effective channel depth for the enhancement-type transistor, where the 
channel charge is induced by the gate potential, may be defined as the 
mean value of the electron distribution for an n-type transistor. 

Under the approximation of a very lightly doped substrate material, 
it can be shown that the effective channel depth, d,, defined by: 


[, en@ac 
7 Be 


(8-2) 
[ n(z) dz 
0 
is given by: 
__ (€s) bs : 
d. ay er (8 3) 


where e, and ¢; are the permittivities of the silicon and oxide, respectively, 
w, is the potential of the silicon surface with respect to the bulk, and &, 
is the electric field in the oxide. The definition given in Eq. (8-2) is the 
average value of z (the distance perpendicular to the silicon surface) 
weighted by the electron concentration, n(z). Typically, these devices 
operate at oxide fields greater than 3 x 10° v/cm, where &, is approxi- 
mately 0.6 v and d, = 600 A. 

If Poisson’s equation is solved for the electron distribution, n(z), 
corresponding to the lightly doped substrate case, it indicates that half of 
the electrons are contained in a distance equal to one Debye length from 
the surface. The Debye length, A,, is based on the surface concentration 
of electrons and is given by: 


€,\/kT\ 2 
As = (= }(— (8-4) 
a be 
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where kT/q = 0.026 v at room temperature. For an oxide field of 3 x 105 
vicm, \, = 50 A. Thus, most of the electrons are concentrated close to 
the surface, but the distribution exhibits a long tail extending deep into 
the bulk. A few thousand Angstroms suffices for the depth of the source 
and drain regions. 

The diffusion of phosphorus into the silicon from the phosphorus- 
rich oxide is not entirely understood. The exact concentration of free 
phosphorus at the silicon surface is unknown, and the oxide does not 
act as an infinite source. A useful quantity for estimating the diffusion 
depth is VDt, where D is the diffusion constant in cm2/sec and f is the 
diffusion time. Figure 8-7 shows the variation in D with temperature for 
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Figure 8-7. Variation in the diffusion constant, D, with 
temperature for the diffusion of phosphorus in silicon. 


the diffusion of phosphorus in silicon. (If the diffusion proceeds from an 
infinite source, the profile follows a complementary error function, and 
the concentration drops to one-half of its value at the surface at a distance 
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equal to VDt.) For T=1050°C, D=1.2 x 10-" cm/sec, the dif- 
fusion depth after one hour is 2100 A. This is satisfactory for the oper- 
ation of enhancement-type transistors since the space-charge induced 
channel is very close to the silicon surface. A deeper diffusion depth may 
be obtained by a change in the furnace atmosphere to nitrogen after one 
hour (to inhibit further oxidation) and continuation of diffusion. 

For oxidation in dry oxygen, the growth of silicon dioxide approxi- 
mately follows a parabolic law (for further details, see Chapter 4), i.e.: 


d? = Kt (8-5) 
where d, is the oxide thickness and K is the proportionality constant. A 


plot of K vs. temperature is shown in Fig. 8-8 for growth in dry oxygen. 
The addition of water vapor to the system enhances the growth rate but 
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Figure 8-8. Oxide growth constant, K, in A2/hr. vs. temperature 
for oxidation of silicon in dry oxygen at atmospheric pressure. 
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introduces an undesirable n-type skin on the silicon surface. For T = 
1050°C, K = 1.8 x 10° A2/hr and 1340 A of silicon dioxide are grown in 
one hour. 


1. Maze geometry 


A limitation to the use of deposited n-type oxide for the source of 
phosphorus is the fact that a very high surface concentration of electri- 
cally active donor atoms cannot be produced in the silicon surface. Con- 
ventional gas phase diffusion techniques can yield a surface concentration 
in the range of 10?' atoms/cm*. The heavier doping in the source and 
drain regions reduces the series resistance associated with the corre- 
sponding output electrodes. This is important for high-current transistors 
used in memory driver application. Figure 8-9 is a plan view of an 


k—oos cm | | 


enhancement transistor fabricated in the ‘“‘maze’’ geometry by conven- 
tional oxide-masked diffusion techniques. The long gate electrode snakes 
between the fingerlike source and drain electrodes producing a channel 
width of 0.3 cm. The output characteristics of this device are shown in 
Fig. 8-10; drain current in excess of 100 ma can be supplied by a gate 
voltage of 4.5 v. The reduced channel length of 7.5 « employed in this 
geometry is responsible for the very high transconductance but limits 
the operating drain voltage to 15 v. 


Figure 8-9. Silicon chip 
containing maze-geometry 
enhancement transistor. 


8-3 DEPLETION-TYPE TRANSISTORS 


This type of transistor is fabricated with the source, drain, and channel 
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regions of the same conductivity type to yield substantial drain current 
for zero gate bias. The free-carrier concentration in the channel is much 
lower than the source or drain doping level so that complete pinch-off 
is obtained with a moderate oxide field. Unlike its vacuum-tube counter- 
part, the gate draws no current when biased positively, allowing linear 
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Figure 8-10. Output characteristics 
of a maze-geometry enhancement 
transistor. Vertical scale: 10 ma/division; 
horizontal: 1 v/division. Source and 
substrate are grounded. 


amplification at zero gate bias. This transistor finds wide application as 
a small-signal linear amplifier over a wide frequency range and the 
geometry chosen for the transistor described next yields high perform- 
ance up to a frequency of 150 mc at a moderate power level. 


1. Offset-gate geometry 


Unlike the enhancement transistor, the depletion unit does not require 
the gate electrode to overlap both source and drain regions. A significant 
improvement in high-frequency performance can be obtained with the 
offset-gate geometry shown in Fig. 8-11. The unmodulated portion of the 
channel near the drain electrode introduces a tolerable series resistance 
in the saturation region. The addition of a series drain resistance merely 
increases the drain voltage at which drain current saturates. As long as 
the small signal output resistance of the transistor is large with respect to 
the unmodulated drain resistance, little deterioration in circuit gain will 
result. However, any series source resistance will be multiplied by 
A+41, where A is the voltage amplification factor of the transistor, 
when it is reflected to the output and cannot be tolerated. If the gate 
electrode must overlap, it should overlap the source region. 
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The offset-gate electrode significantly reduces the feedback capaci- 
tance because the active channel length is forced to coincide with the 
portion of the gate electrode which lies over the channel. The only in- 
active input capacitance is due to the overlap of the source electrode. 
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Figure 8-11. Offset-gate geometry used in depletion- 
type transistors to reduce the feedback capacitance from 
drain-to-gate when the device is operating under current- 
saturation conditions. 


The exact distribution of active gate capacitance between source and 
drain is difficult to determine, but the depletion of majority carriers near 
the drain end of the active channel reduces the feedback capacitance 
when the device is in saturation. 

Figure 8-12 is a photograph of an experimental depletion-type tran- 
sistor which employs the offset-gate geometry just discussed. The active 
channel length is 10u and the effective channel width is 0.125 cm. 
Conventional oxide-masked diffusion techniques were employed to define 
the source and drain regions and chrome-silver is used for the metallized 
areas. The gold wires that connect to the transistor header posts were 
attached by thermal-compression bonding. The output characteristics of 
a typical transistor are shown in Fig. 8-13 and the interelectrode capaci- 
tances of a packaged device are C,, = 4.8 pf, Cyq = 0.3 pf, and Ca; = 1.1 pf 
with [y= 5ma and V_= 15v. A power gain of 10 db at 200 mc/s is obtained 
in a properly neutralized circuit, and the noise figure of this transistor 
under optimum conditions can be as low as 3.5 db. 


2. Channel doping 


The doping density of the n-type channel does not itself affect the 
device performance: it is the total carrier density per unit channel area 
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that determines the pinch-off voltage and channel conductance of a deple- 
tion transistor. It can be shown that optimum performance is achieved 


Figure 8-12. Silicon 
chip containing a depletion- 
type transistor. The drain 
(inner region), gate (middle 
region), and source (outer 
region) leads shown are 
gold wires which are 
attached to the transistor 
by _ thermal-compression 
bonding. 


Figure 8-13. Output characteristics of 
a depletion-type transistor. Vertical scale: 
2ma/division; horizontal scale: 5 v/division. 


with a shallow, heavily doped channel, and complete pinch-off with a 
reasonable oxide field (i.e., less than 10° v/cm) requires a sheet charge 
corresponding to about 2 x 10" carriers/cm?. This can be satisfied with a 
donor concentration of 5 X 10!7 atoms/cm* diffused to a depth of 400 A. 
However, the control of a shallow diffusion is poor when an oxide layer is 
to be thermally grown on the diffused region. A much more reproducible 
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method for obtaining a shallow n-type channel under an oxide will be 
discussed in the next paragraph. 

Baking an oxidized silicon wafer in dry hydrogen at 400°C for 15 
minutes introduces positive charge in the silicon-dioxide layer which is 
compensated by negative charge in the silicon surface. Prolonged time 
and/or higher temperature increases the charge density. The net effect of 
this treatment is to introduce an electric field at the silicon surface which 
bends the bands toward n-type, creating an inversion layer on one ohm-cm 
p-type silicon. The electron distribution is identical to that produced by a 
gate field of the same magnitude, and the transfer characteristic of an 
n-type transistor is shifted to the left by the hydrogen treatment, as shown 
in Fig. 8-14, producing the desired depletion-unit characteristic. 
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Figure 8-14. Transfer characteristics of a transistor before 
and after hydrogen bake at 400°C for 15 minutes. 


When a shallow n-type channel is obtained with the hydrogen treat- 
ment, the entire surface of the p-type substrate is inverted to n-type, 
making selective channel formation difficult. For this reason, the outer 
diffused region of a construction such as shown in Fig. 8-12 must com- 
prise the source, and not the drain, of the transistor. The entire n-type 
inversion layer of the wafer is ohmically connected to the outer diffused 
region; and since the drain-to-substrate junction is reverse-biased during 
normal operation, excessive back current would be obtained if the drain 
were the outer electrode. The gate must entirely enclose the inner drain 
region of a depletion unit because any uncovered channel will introduce a 
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parallel, unmodulated resistance between source and drain. This is in 
contrast to the ladder geometry used for the enhancement transistor (see 
Fig. 8-2). 


8-4 DESIGN CONSIDERATIONS BASED ON EXPERIMENTAL 
RESULTS 


The variations in device performance with the dimensions of the transistor 
were discussed previously. A higher gain-bandwidth product is obtained 
with a small channel length. This figure of merit is independent of channel 
width and oxide thickness. A wider channel or thinner oxide produces a 
transistor with increased transconductance and input capacitance, leaving 
the C,,/g ratio unchanged. These units can deliver more current (at fixed 
drain and gate voltages) because of the lower impedance level of the 
device. However, the probability of fabricating a transistor with a defec- 
tive gate is enhanced by these modifications. There is more chance that 
the gate electrode will cover a defect (pinhole) in the oxide layer if the 
gate is wider, and it is more probable to grow a defective oxide in a thin 
layer. A lower impedance level can be had at the sacrifice of transistor 
yield and reliability; these aspects will be discussed in detail in Section 
8-5. 


1. Substrate resistivity 


At first glance, a high resistivity (preferably intrinsic) substrate would 
appear desirable. A low drain-to-substrate capacitance would be obtained 
without affecting the transistor characteristics since all channel conduc- 
tion occurs at the semiconductor surface. However, transistors fabricated 
ona 1000 ohm-cm p-type silicon base wafer exhibited a poor amplification 
factor whereas transistors fabricated on | ohm-cm silicon demonstrated 
good saturation, as shown in Fig. 8-15. The explanation is based on 
fundamental considerations, which apply to all charge-controlled devices. 

When the field-effect transistor is operated in the saturation portion of 
the output characteristics, the average drift velocity, vg, for the channel 
carriers is approximately: 


V.—V 
Va = ee (8-6) 


since the source region of the channel has a potential difference of 
(V,,— V,) applied across it, and the additional drain voltage, (V, —V, + V,), 
appears across a very small fraction of the channel length. If the change 
in channel charge, AQ, per unit channel width is given by: 
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AQ = Cy AV gt CachVa (8-7) 
where C,, and C,, are the gate-to-channel and drain-to-channel capaci- 


tances per unit width, respectively, then the change in drain current, 
Al, per unit width is simply: 


A va 
Alg=—7—= (Cg-AV,+ CacAVa) 5 (8-8) 


Figure 8-15. Effect of substrate resistivity 
on the amplification factor of a transistor. 
(a) 1000 ohm-cm p-type substrate: vertical 
scale 5ma/division; horizontal scale is 
2v/division, !=20 microns; w= 2500 
microns; (b) 1 ohm-cm p-type substrate: 
vertical scale is 1ma/division; horizontal 
scale is 2v/division, /=10 microns, 
w = 125 microns. 
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The amplification factor, A, is defined by: 


Vg 7 
A= KV Ala =0 (8-9) 


and is simply the ratio of capacitances: 


(8-10) 


which is independent of channel width. 

The addition of a screen grid in a vacuum tube electrostatically shields 
the plate from the cathode and lowers the plate-to-cathode capacitance, 
producing the high amplification factor associated with a pentode. 
Similarly, the substrate of an MOS transistor functions as an inefficient 
gate electrode, and a more heavily doped substrate electrostatically 
shields the drain from the channel, producing a higher amplification 
factor. This improvement is obtained at the cost of increasing the drain- 
to-substrate capacitance and a compromise must be reached for each 
application. Depletion units show optimum high-frequency power gain 
when fabricated on 20-25 ohm-cm material. 


2. Substrate bias 


The drain-to-source capacitance of the transistor is a function of drain 
voltage since the major contribution to it comes from the reverse-biased 
drain-to-substrate diode. The substrate is effectively at source potential. 
Since the shallow, highly doped drain region forms an abrupt junction to 
the substrate, the capacitance should vary as (V,+ )~!”, where @ is 
the contact potential and is approximately 0.75v. However, as the drain 
voltage is increased, the peripheral capacitance around the shallow junc- 
tion dominates, and the capacitance approaches a minimum value as 
shown in Fig. 8-16. This curve is for a ladder-geometry enhancement 
transistor fabricated on 10 ohm-cm p-type silicon. Similar curves for tran- 
sistors having different drain geometries verified the empirical equation 
for the drain-to-substrate capacitance: 


K, P 
Ca-sup = A lwo + K(5)| (8-11) 


This is the equation for two capacitors in parallel, where A is the drain 
area, P is the drain perimeter, and K, and K, are constants which have 
been evaluated for 10 ohm-cm p-type material: 
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K, = 1.17 X 104 pf v1?2/cm? 


(8-12) 
K, = 3.78pf/cm 


This discussion suggests the use of an additional battery to bias 
the substrate at a negative voltage to reduce the output capacitance. 
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Figure 8-16. Variation in drain-to-substrate capacitance with 
reverse bias. 


Substrate bias will affect the operating characteristics since the substrate 
acts as an additional gate electrode. The transfer characteristic of a 
depletion unit controlled from the substrate is shown in Fig. 8-17 with 
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Figure 8-17. Transfer characteristic of a depletion-type transistor 


operated from the 10 ohm-cm resistivity substrate. The metal gate 
electrode is at source potential. 
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the metal gate connected to the grounded source and the transistor oper- 
ated as a junction-type unipolar device. This curve most closely approxi- 
mates an exponential because depletion of channel charge proceeds 
from the low density in the bulk to the high density at the silicon surface. 
The pinch-off voltage of a transistor controlled from the metal gate is 
a function of the substrate bias; a convenient way of controlling this 
parameter is thus established. It is desirable to have a positive pinch-off 
voltage (for an n-type transistor) or threshold voltage in digital applica- 
tions and this may be conveniently achieved with a negative bias on the 
substrate. Figure 8-18 shows a graph of the effective pinch-off voltage, 
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Figure 8-18. Effective pinch-off voltage of enhancement-type transistor as a 
function of substrate bias. 


for control by the metal gate, as a function of substrate bias. Pinch-off 
was defined as the gate voltage necessary to produce 10a of channel 
current for this curve. 

The addition of a negative bias to the p-type substrate of an n-type 
transistor lowers the drain-to-substrate capacitance and produces the 
desirable threshold voltage. It has very little effect on the maximum 
allowable drain voltage, since drain-to-channel breakdown is caused by 
the electric field pattern under the gate electrode and occurs at a lower 
value of drain voltage than direct drain-to-substrate breakdown. This is 
true as long as the substrate resistivity is greater than 1 ohm-cm. The 
amplification factor will be lowered by the addition of substrate bias 
because the additional depletion region below the drain reduces the 
shielding action of the substrate. This is of little consequence in large- 
signal switching circuits. 
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3. Series source resistance 


Parasitic source resistance, r’,, due to contact resistance between 
the source region and the metal electrode, or due to insufficient doping of 
the source region, results in a degeneration of the transconductance of 
the transistor by the factor 1 + gmr’,. Hence, r’, must be small in com- 
parison to the reciprocal of the transconductance. Since gm varies linearly 
with gate voltage, this condition imposes one restriction on the maximum 
usable gate voltage. 

Measurements performed on a large diffused n-type area produced 
by the deposited-oxide technique indicate a sheet resistivity of 40 ohms/ 
square, and a contact resistance between chrome-gold and the heavily 
doped silicon of approximately 25 ohms per contact. The contact area 
and diffusion conditions were identical to that used in the fabrication of 
ladder-geometry devices. From this information, a total parasitic source 
resistance of about 50 ohms is expected in a ladder-geometry transistor. 
To confirm this, transistors of differing channel lengths were fabricated 
and the low voltage drain-to-source resistance was measured as a func- 
tion of channel length. The linear variation expected is shown in Fig. 
8-19, and the intercept of the extrapolated curve indicates a total series 
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Figure 8-19. Experimental determination of series-source resistance 
by extrapolation of linear channel resistance vs. channel-length plot. 


resistance of about 100 ohms. Since this is equally divided between the 
source and drain ends of the channel, a parasitic source resistance of 
50 ohms is indicated, which agrees with the predicted value. 

Other effects also tend to degenerate the transconductance of the tran- 
sistor when operated at substantial drain and gate voltages. A fall-off 
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of carrier mobility with increased drift field (velocity saturation) or 
increased surface potential (due to increased surface scattering) are two 
such phenomena. Their influence is very similar to that of a nonlinear 
source resistance. 


8-5 YIELD CONSIDERATIONS 


The MOS transistor is an attractive element for integrated circuits. 
In this application, a knowledge of the possible failure mechanisms is 
particularly useful because the entire circuit must be discarded when one 
or more transistors is inoperable. Questions of failure in fabrication and 
use will be treated here but will be limited to those mechanisms which are 
specific to these devices. 

Since this transistor utilizes an insulating material as an integral part 
of the charge-control mechanism, major differences in yield considera- 
tions from junction devices will center around the quality of this insulator. 
The effects of structural imperfections and ionic conduction on the failure 
of MOS transistors will now be discussed. 


1. Defective gate insulation 


One of the possible causes of malfunctioning of MOS field-effect tran- 
sistors is a faulty gate insulator, which may be caused by pinholes in the 
thermally grown oxide layer, yielding a short circuit between gate and 
channel. Direct measurements on a clean, oxidized silicon wafer indicate 
that the oxide defects are usually randomly distributed on the silicon 
surface and are most probably caused by irregular oxide growth in the 
neighborhood of surface imperfections. If the area of the pinhole is much 
smaller than the area of the gate electrode, a model of randomly distribu- 
ted points may be postulated. The probability, P, of covering k pinholes 
with an electrode of area A is given by the Poisson distribution: 


nA ky—na 
P(k, A) = ware (8-13) 


where 7 is the average surface density of pinholes. The probability of 
success, P,, is just the probability of covering zero pinholes and is given 
by: 


P, = P(0O,A)=e™ (8-14) 


Since the pinholes are assumed to be randomly distributed, the success 
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of one transistor is independent of the success of an adjacent one (un- 
correlated events), and the probability of obtaining N good transistors 
for an integrated circuit array is simply: 


P.. = (PN = e7(NA) (8-15) 


and depends only on the total active area of the circuit, NA. The same 
considerations apply to the fabrication of a high-current (wide-channel) 
transistor. It is just as difficult to fabricate a 0.1 cm-wide channel 
device as it is to integrate 10 transistors, each having a channel width 
of 100u. 

The average pinhole density for a 1000A oxide layer has been 
determined by experimental verification of Eq. (8~14). The value varied 
markedly from wafer to wafer, being 1000 cm~? in the worst case. Thus, 
a transistor having a gate electrode area of 6 X I X 10-® in.2 = 3.87 
x 10-° cm? has a probability of success equal to P, = 0.968, and an array 
of sixteen such transistors has a probability of success equal to P, = 0.538 
for this value of n. 

To further investigate the feasibility of fabricating integrated circuits, 
assume that a logic circuit containing sixteen transistors is desired. 
When room for wiring and dicing is taken into account, a normal 1-inch 
diameter silicon wafer will easily accommodate twenty such circuits. 
The probability, P,,, of obtaining exactly m operative circuits (i.e., no 
defective gate electrodes) out of 20, with a probability of success for 
each circuit given by P,, is simply: 


- (20)! Gat yet 
Pm = TniQ0—mtr? (1—P,) (8-16) 


The probability of having at least r operative circuits is the sum of P,, 
forr = m S 20: 


20 (20)! r : 
— m = -m —17 
Prmar = % raK20—myi Pe (1 Pe) (8-17) 


The plot of P»,, as a function of r (with P, = 0.5) is shown in Fig. 8-20. 

Although the over-all yield of operative circuits is 50%, there are 
occasions when a certain minimum number of operative circuits per wafer 
becomes the governing parameter. As an example, consider the case in 
which it is desired to integrate r circuits from the twenty on each wafer, 
and assume that any pattern of the r circuits may be integrated just as 
easily. The total yield of useful wafers is then given by the factor P=, 
If it is desired to integrate five circuits out of the twenty then Fig. 8-20 
gives a total yield of successfully integrated wafers in excess of 99.4%. 
Each wafer now contains an 80-transistor circuit. 
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These calculations illustrate that perfect gate insulation is not required 
to produce high-yield integrated circuits through a judicious choice of 
subcircuit integration. 

At least two other factors may contribute to short-circuited gates. 
One is the large electrostatic voltage produced across the channel oxide 
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Figure 8-20. Probability of obtaining at least r operative 
circuits out of 20 when the only failure mechanism is a 
defective gate. Each circuit utilizes 16 transistors. 


when the transistor is suddenly inserted or withdrawn from the poly- 
styrene foam (snow) commonly used to package transistors. The second 
cause is attributed to cracks in the oxide layer introduced during thermal- 
compression bonding of the lead wire to the gate electrode. Careful 
control of temperature and pressure during this operation can minimize 
this problem. 


2. Instability of characteristics 


Semiconductor devices such as the insulated-gate field-effect tran- 
sistor, operating in the presence of high electric fields,'® have shown in- 
stability of characteristics related to the motion of ions and molecules 
in silicon dioxide!® and other insulating films?° (see also Chapter 3). 
The enhancement transistor used in digital-circuit applications generally 
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Operates at an oxide field greater than 10° v/cm, which is close to the 
dielectric breakdown strength of the silicon dioxide layer. The depletion 
transistor is usually operated near zero gate voltage in small-signal 
amplifier applications, and the oxide field can be on the order of 10° v/cm. 
Thus, instability due to migration of ions in the bulk of the oxide layer is 
more pronounced in the enhancement transistor. 

The mechanism of this instability is as follows. Assume that the oxide 
layer contains mobile, polyatomic molecules which may be easily disso- 
ciated. The application of a positive potential to the gate electrode 
of an n-type transistor will tend to move the negative ions toward the 
gate electrode and the positive ions toward the silicon surface, as shown 
in Fig. 8-21a. With zero gate bias, there remains an electric field pointing 
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Figure 8-21. Migration of ions in the bulk 
of the silicon dioxide layer can cause a drift 
in the transistor characteristics. (a) Oxide 


field causes ions to drift; (b) finite electric field 
exists when gate potential is reduced to zero. 


into the silicon which terminates on negative charge (see Fig. 8—21b). 
When the gate bias is removed from an enhancement transistor that 
has been ‘‘on”’ for an extended period, the transistor does not turn “‘off.”’ 
The “‘off”’ current has changed with time. 

The details of this mechanism are not well-understood and the fore- 
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going discussion indicates, in schematic form, what might be happening. 
It has been suggested”! that the ion moving in the silicon dioxide layer is 
a positively charged oxygen vacancy, which allows only positive charge 
in the insulating layer. 

Another way of observing this effect is to examine the transfer 
characteristic of an n-type enhancement transistor before and after the 
application of a large positive gate bias for an extended period of time. 
Initially, the transfer characteristic appears as shown in the right-hand 
curve of Fig. 8-22. After the application of gate voltage, the curve drifts 
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Figure 8-22. Shift in transfer characteristics of n-type 
enhancement transistor after extended application of positive 
gate bias. 


to the left and the instability can be quantitatively characterized by the 
voltage shift, AV. This quantity increases with temperature, time of 
application, and electric field strength. In some units, drift is observed 
until a maximum value of AV is observed, while in others, AV seems to 
continually increase with time. 

When this type of instability was first observed, values of AV as large 
as 5-6 v were observed; now it is possible to limit the drift to less than 
0.5 v by diffusing phosphorus into the oxide layer before metallization 
of the transistor. Silicon dioxide is an open-lattice structure having a 
mean lattice spacing of about 8 A. The addition of phosphorus forms a 
glass-like structure which is more dense than silicon dioxide. This may 
reduce the mobility of the ions, producing a more stable oxide. 

While this type of drift can be explained by other mechanisms, other 
experimental and theoretical results make them unlikely. The rotation 
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of polarized molecules trapped in the oxide lattice will produce an effect 
which is qualitatively similar to the one just discussed; but it can be 
shown” that an unusually high density of dipoles must be assumed to 
account for the large values of AV that have been observed. Electronic 
trapping in the oxide layer near the silicon and metal surfaces will also 
show up as a drift in the transfer characteristic but can be eliminated on 
the following grounds: 


1. If some of the electrons induced in the silicon surface by the gate field were 
trapped in the oxide near the silicon surface and remained after the gate 
voltage was reduced to zero, they would introduce an electric field opposite 
to that observed and cause a shift to the right of the transfer characteristic. 


2. If a net positive charge were introduced into the oxide near the metal sur- 
face due to the trapping of holes from the gate electrode, an inordinately 
high trap density must be assumed to produce the observed shift because 
most of the electric field produced by these charges terminates on the gate 
electrode. Also, this effect should be temperature-independent because 
the trapping is a tunneling process. 


Although the depletion transistor operates at a low oxide field so that 
bulk ion migration is not a problem, it utilizes the offset-gate geometry 
which exposes a portion of the channel oxide near the drain end of the 
channel. This introduces an additional source of instability because of the 
finite sheet conductivity of the oxide surface. Between gate and drain, 
one may draw an equivalent distributed RC network as shown in Fig. 
8-23. With the gate negative and the drain positive, a potential gradient 
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Figure 8-23. Equivalent circuit used to explain the 
drift in the characteristics of an offset-gate-geometry 
transistor. 
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will exist across the resistive surface and current will start to flow. This 
will charge the distributed oxide capacitance in a time which may be 
quite long (seconds to weeks) because of the large value of surface re- 
sistance. The surface next to the gate electrode will be negatively 
charged, causing depletion of channel charge beyond the gate geometry. 
When the gate potential is reduced to zero, this charge will continue 
to exist and a portion of the channel will remain partially depleted, adding 
a series resistance to the channel. This lowers the zero-bias channel 
current when the gate potential is reduced to zero after a prolonged 
negative bias. Proper packaging and surface treatments can eliminate 
this form of instability. 
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Thin-Film Transistors 


Paul K. Weimer 


9-1 INTRODUCTION 


The all-thin-film approach to integrated circuits utilizes an inert insulating 
substrate in place of the single-crystal silicon chip used in the MOS 
transistor. Complete electrical isolation of individual components is 
readily obtained in circuits covering large areas. The common parts of 
the active and passive elements can be deposited simultaneously, per- 
mitting complex circuits to be fabricated in fewer processing steps. 

The critical problem in thin-film circuits is to produce thin-film 
transistors (TFT’s) having adequate performance. In thin-film transis- 
tors,'’> 2 the semiconductor material, as well as the metal electrodes and 
insulator, is deposited in selected areas upon an insulating substrate such 
as glass. In Fig. 9-1 the structure of an all-evaporated TFT is compared 
with that of the silicon MOS transistor.* Both transistors yield the typical 
field-effect characteristics of the insulated-gate device with minor differ- 
ences arising from variations in materials and structure. The absence of 
the underlying slab of semiconductor in the TFT eliminates the need for 
back-biasing the substrate to minimize resistive and capacitive coupling 
between elements. The semiconductor layer in the thin-film transistor 
is normally a polycrystalline layer, although single-crystal layers may be 
capable of higher performance. The gate-insulator layer in the all-evapo- 
rated TFT consists of a separate material deposited independently either 
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on top or underneath the semiconductor layer. The electrodes are of 
metal such as aluminum or gold. 

Although the thin layers in the TFT can be deposited by various 
techniques, evaporation in vacuum has been most widely used. Complex 
circuits incorporating hundreds or thousands of active and passive 
components can be deposited upon a single glass substrate during one 
pump-down of the vacuum system. This chapter will discuss the TFT 
from the standpoint of fabrication, performance, and application in thin- 
film circuits. 
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Figure 9-1. Two forms of the insulated-gate field-effect transistor. (a) An 
MOS transistor formed on the surface of a block of silicon; (b) an all- 
evaporated TFT deposited upon an insulating substrate. 


9-2 DESCRIPTION OF THIN-FILM TRANSISTOR STRUCTURES 


An advantage of the all-evaporated thin-film transistor is that it can be 
constructed in a variety of forms upon an inexpensive insulating substrate. 
Figure 9-2 shows a group of TFT’s with interconnections deposited upon 
a glass plate. Figures 9-3 and 9-4 show cross-sectional drawings of 
four types of structures. The thickness of each film is greatly exaggerated 
in the cross-sectional drawings. The metal electrodes are several hundred 
Angstroms in thickness, the insulator layer ranges from 200 to 2000 A, 
and the semiconductor ranges from a few hundred Angstroms to one or 
more microns. The source and drain electrodes are usually of aluminum 
or gold. Cadmium sulfide and selenide films have been used most fre- 
quently for the semiconductor, but other materials of both n- and p-type 
are also suitable. Typical insulating materials which can be readily 
evaporated are silicon monoxide, magnesium fluoride, and zinc sulfide. 
An encapsulating overcoat consisting of a nonporous layer of a material 
such as silicon dioxide, selenium, or arsenic trisulfide can be deposited 
over the top of the entire structure for protection against the effects of air. 
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In the staggered structure of Fig. 9-3a, the metal source and drain 
electrodes are deposited first upon the glass substrate with a gap spacing 
of approximately 10. Following the semiconductor deposition, the 
insulator layer is evaporated, and finally the gate strip is put down in 
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HAIL. 


yh | 
yy Figure 9-2. A _photomicro- 
graph of a group of TFT’s 
deposited upon a glass plate. 
The connections between 


units were deposited at the 
same time as the transistors. 


registry with the source-drain gap. The gate may be permitted to overlap 
the source and drain slightly as shown, although this is not required. The 
strips forming the source and drain are typically 50 to 100 thousandths of 
an inch long. Since the substrate may be heated to several hundred degrees 
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Figure 9-3. Cross-sectional diagrams of two TFT’s having the 
staggered-electrode structure. 


centigrade during the semiconductor deposition, it is sometimes conven- 


ient to carry out this operation in a vacuum system other than the one in 
which the electrodes are deposited. A precision masking jig suitable for 


defining the electrodes will be described in Section 9-3. 
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For cadmium sulfide TFT’s the coplanar electrode structure* of 
Fig. 9-4a is somewhat simpler to fabricate than the staggered structure 
because all the evaporations requiring precision masking can be carried 
out in one pump-down without having to heat the substrate. Since the 
semiconductor is deposited before any electrodes, maximum freedom in 
processing the semiconductor layer is obtained. 
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Figure 9-4. Cross-sectional diagrams of two TFT’s having the coplanar- 
electrode structure. 


The coplanar structure of Fig. 9-4b is of interest in that the entire 
circuit including the TFT electrodes and insulator layers are deposited 
upon the substrate prior to any semiconductor deposition. This structure 
allows maximum freedom in the choice of fine-pattern deposition tech- 
niques without fear of damage to the semiconductor. 


9-3 FABRICATION OF THIN-FILM TRANSISTORS 


The advantage of thin-film transistors for cost reduction of integrated 
circuits can be realized only if their fabrication procedure is compatible 
with that of the passive components. To reduce the total number of steps 
in building the complete circuit, similar parts of all components should be 
deposited simultaneously. The construction of successful thin-film cir- 
cuits requires a compatible solution to two basic problems: 


1. the deposition of thin films having the required electrical properties; 
2. the precise geometrical control of the dimensions of each layer. 


Although evaporation in high vacuum is customarily used for deposi- 
tion of the layers, other methods such as sputtering, chemical decomposi- 
tion, and electroplating are also useful. A most critical step in the 
construction of the TFT is the deposition and treatment of the semicon- 
ductor layer, discussed in the next section. The choice of a suitable 
method of pattern delineation is equally important in determining the 
economic significance of the thin-film transistor. 
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1. Deposition of semiconductor films suitable for thin-film transistors 


Polycrystalline semiconductor films deposited by evaporation upon 
noncrystalline substrates have received much attention because of their 
promise for low-cost integrated circuits. If transistors having adequate 
performance can be deposited upon such substrates as glass, plastic, or 
ceramic, the use of integrated circuits can be greatly extended. In some 
applications such as the solid-state image-scanning panel discussed in 
Section 9-6, a large inexpensive transparent substrate may be of prime 
importance. Evaporated layers of cadmium sulfide,” * > ® 78 cadmium 
selenide,” !°:1! and tellurium’” upon glass substrates have been used most 
frequently for experimental thin-film transistors. Other polycrystalline 
films which have also produced operable units include zinc oxide,'? 
indium antimonide,* cadmium telluride,’ tin oxide,’* and indium oxide,'4 
The details of the deposition and processing techniques of each of these 
films is as significant as the choice of the material. 

An important requirement on the characteristics of the semiconductor 
film is that the mobility be as high as possible for best frequency response. 
Although a lower mobility can be compensated to some extent by the 
reduction of source-drain spacings and gate width, unusually close spac- 
ings are apt to increase the cost of the device. 

The high mobility must be accompanied by a carrier density which is 
not too large to be effectively modulated by the gate. The amount of 
charge the gate can control is determined by the insulator dielectric 
constant and breakdown strength. Although a considerable range in 
initial conductivity of the semiconductor film can be accommodated by 
adjustment of its thickness, too high a conductivity leads to poorly satu- 
rated characteristics. 

The high mobilities of the III-V compounds make them of interest for 
TFT’s, provided the initial carrier density is not too high. At the other 
end of the scale, wide-bandgap materials having very low initial carrier 
density can be used, provided the mobility is adequate. For such materials 
the carriers required for control would be injected from the source elec- 
trode. Alternatively, the additional carriers may be provided by doping, 
or an accumulation layer of higher conductivity could be formed on the 
surface of the insulating semiconductor by appropriate surface treatment. 

For TFT’s having the coplanar structure shown in Fig. 9-4a, the 
semiconductor is deposited first upon the glass substrate in a vacuum 
system separate from the one in which the electrodes are deposited. An 
evaporator arrangement used for cadmium sulfide is illustrated in Fig. 9-5. 
The vacuum system has an oil diffusion pump with a liquid nitrogen trap. 
The substrate heater is a glass plate coated with transparent tin oxide, 
permitting the monitoring of thickness by optical transmission. The 


SEC. 9-3 THIN-FILM TRANSISTORS 221 


crucible in which the compressed pellets of cadmium sulfide powder are 
heated is made of molybdenum wire coated with aluminum oxide. A 
quartz wool plug in the crucible prevents spattering. The charge is evapo- 
rated fairly rapidly (~3000 A/min.) from a rather hot source onto a 
substrate held at about 180°C. The amount of excess cadmium in the 
deposited layer (and therefore its resistivity) is a function of the substrate 
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Figure 9-5. Evaporator and substrate heater set-up 
used in the evaporation of semiconductor layers for 
thin-film transistors. H is the substrate heater, M is 
the mask, SH is a shutter, C is the evaporator crucible, 


and P is the photomultiplier cell used in monitoring 
semiconductor thickness. 


temperature. The final properties of the layer!*’!® are also affected by 
post-evaporative heat treatment of the layer in the presence of various 
gases. Good performance has been obtained with widely varying pro- 
cedures of deposition!”:'8 and processing, but the details of fabrication are 
critical. Section 9-5.2 discusses the influence of surface states, internal 
barriers, and electrode contacts upon performance. 

Although the performance of TFT’s using polycrystalline films is 
good, somewhat higher performance would be expected with single- 
crystal films. Single-crystal silicon films!® have been deposited on sap- 
phire by the hydrogen reduction of silicon tetrachloride. An insulated- 
gate thin-film transistor?® utilizing a silicon layer pyrolytically deposited 
upon an oriented single-crystal substrate is described in Section 9-7. 
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2. Pattern delineation in thin-film devices 


The production of geometrically accurate fine patterns of thin films 
can be carried out by either of two methods: 


1. The film is prevented from coating the substrate in the undesired areas by 
means of masks. 


2. The film is initially deposited uniformly over the entire substrate, and then 
selectively removed from the undesired areas. 


Each method has particular advantages. 

The experimental thin-film circuits described in Section 9-6 were 
fabricated using movable metal masks mounted close to the substrate in 
the vacuum chamber. A precision jig, shown in Fig. 9-6, permits the 
successive masks to be moved into place by means of external controls. 
The various steps in evaporation can be carried out in rapid sequence 
without exposure to air. Sample TFT’s in the circuit can be monitored 
electrically at all stages of fabrication. 

Suitable metal masks prepared by photoetching or plating are available 
commercially. The masks shown in Fig. 9-6 were used in depositing the 
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Figure 9-6. A precision jig for positioning the evaporation masks used in making a thin-film 
circuit. The evaporator crucibles are mounted below the jig, while the substrate (not shown) 
is held in a fixed position directly above the masks. 
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30-stage scan generator”! described in Section 9-6. Complex circuits 
containing many transistors, diodes, resistors, and capacitors with their 
associated connections can be deposited in a short sequence of evapo- 
rations. The dimensional requirements on the photoetched masks are 
that they should be flat and sufficiently accurate in aperture spacing so 
that successive patterns will register. It is somewhat difficult to obtain 
photoetched masks having stable, long, narrow “‘lands”’ required to pro- 
duce the 10-u source-drain gap in the transistor. This problem can be 
avoided by the use of separate masks for the source and drain, or by the 
insertion of bridges into the mask with provision for healing the resulting 
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Figure 9-7. Illustration of the use of single- and 
double-wire masks to form evaporated patterns having 
spacings much less than the wire diameter. Movable 
photoetched masks mounted below the wire grill serve 
to define the less critical dimensions. 


breaks in the evaporated pattern with subsequent evaporations. The 
total thickness of the evaporated material accumulating on the masks is 
sufficiently small that many evaporations can be made before the masks 
need to be cleaned. 

Although the photoetched evaporation masks have been used for 
thin-film circuits having more than 1000 components/in’, other types of 
mechanical masks are capable of greater precision and packing density. 
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Repetitive patterns such as the foregoing scan-generator circuit can be 
made in a much finer scale using a stretched wire grill’? in combination 
with one or more photoetched masks. Since the most critical dimensions 
are determined by the grill, it is mounted closest to the substrate. The 
grill wires are drawn through a die as the grill is being wound, thus ensur- 
ing parallelism of the shadows cast by opposite sides of each wire. By 
displacement of the substrate relative to the wires for successive evapo- 
rations, as shown in Fig. 9-7, gap widths much less than the wire diameter 
are possible. Gaps 5 to 10u wide are readily produced with grill wires 
38 in diameter. Such gaps are much cleaner and more reproducible than 
those obtained with photoetched masks. It is also easier to maintain close 
spacing to the substrate with grills than with photoetched masks which 
are not always flat. The ultimate limit in fineness of patterns which can be 
produced by mechanical masks appears to be set by the amount of 
scattered material that can be tolerated behind the mask edges.” 

For large-scale production of integrated thin-film circuits, the me- 
chanical masking technique just described can be automated or replaced 
by other methods of pattern delineation. Photoresist masking, which has 
been used successfully for deposition of TFT’s, represents another 
promising approach.'* The photoresist coating, which is deposited 
directly on the substrate, can be used as a mask for either chemically 
removing a portion of film which was previously deposited, or for prevent- 
ing a subsequent deposit from sticking to the substrate in particular areas. 


9-4 PERFORMANCE CHARACTERISTICS OF EVAPORATED 
THIN-FILM TRANSISTORS 


The TFT displays the high input impedance and the well-saturated 
pentode-like characteristics typical of an insulated-gate field-effect tran- 
sistor. Figures 9-8 and 9-9 illustrate enhancement and depletion-type 
characteristics for two polycrystalline cadmium sulfide TFT’s. These 
units have the coplanar electrode structure* shown in Fig. 9-4a. Similar 
curves are obtained with the staggered-electrode structures and with 
other n-type semiconductors such as cadmium selenide.!® Fig. 9-10 
shows enhancement characteristics for a p-type tellurium TFT.” 
Enhancement- and depletion-type characteristics differ primarily in the 
value of V,, the gate voltage required for pinch-off (or onset) of drain 
current. The design factors affecting the value of V, are discussed 
in a later section. 

The source-drain gap in each of the transistors illustrated is 
10 w X 0.25 cm, with a gate width of 18 uw. The CdS unit shown in Fig. 
9-8 has a transconductance of 4000 umhos at a gate bias of +2.6 v. The 
dynamic output impedance derived from the slope of the saturated portion 
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of the curve is 40,000 ohms. The voltage amplification factor calculated 
from the product of these quantities is 160. The input capacitance under 
operating conditions is about 30 pf. CdS TFT’s have been builtin the 
same geometry with transconductances up to 25,000 uwmhos. 
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Figure 9-8. Operating characteristics for 
an enhancement-type cadmium sulfide 
thin-film transistor. Drain current is plotted 
against voltage for different values of gate 
voltage. The source is grounded. 
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Figure 9-9. Operating characteristics for 
a depletion-type cadmium sulfide thin-film 
transistor. Such a unit can be operated in 
either the enhancement or depletion mode. 
The TFT’s illustrated in Figures 9-8 and 
9-9 both have the coplanar electrode 
structure of Figure 9—4a. 
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Figure 9-10. Drain characteristics of a p-type tellurium TFT. The 
straight line labelled Igy, is the current-voltage curve for an identical 
tellurium TFT from which the gate was omitted. (See Section 9-5.2) 
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The gain-versus-frequency characteristics for a similar TFT are 
shown in Fig. 9-11. As a low-pass amplifier, it has a voltage gain of 8.5 
from d-c up to about 2.6 mc/s, with a gain-bandwidth product of 22 mc/s. 
This test was made with a low-impedance signal source and included 
additional output capacitance to simulate a second TFT stage. Three 
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Figure 9-11. Voltage gain-versus-frequency characteristics of a CdS TFT operated as low- 
pass and band-pass amplifiers. 


different band-pass amplifier characteristics are shown for output circuits 
resonant at 25, 36, and 60 mc/s. The voltage gain at 60 mc/s was 2.5, with 
a gain-bandwidth product of 17 mc/s. Other cadmium sulfide TFT’s”! 
have performed as oscillators at frequencies above 70 mc/s. As shown in 
Fig. 9-12 the output switching transitions are fast, occurring in less than 
4 nsec measured in a circuit having 
50-ohm input and output imped- 
ances. The opposite polarity tran- 
sient is direct-feed-through of signal 
through the gate-drain capacitance. 
Although very high transcon- 
ductances are possible in TFT’s, 
the gate capacitance in such units 
is also large. The best frequency 
response has been obtained in units 
having a somewhat thicker insulator 
and correspondingly lower gate 
capacitance. Figure 9-13 shows 
the measured gate capacitance as a 
function of gate and drain voltage. 5 nsec / div 
Note that the capacitance increases 
with positive drain voltage as Figure 9-12. Pulse response ofa cadmium 
the space-charge region in the sulfide TFT. The opposite-polarity transient 
. : . . in the output waveform is direct feed- 
semiconductor is reduced in thick- through of signal via the gate-drain capaci- 
ness. With zero drain voltage tance. 
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applied, the total gate capacitance, C,, divides about equally between the 
gate-source and gate-drain region in the symmetrical structure. However, 
at high drain voltage, in the current saturation region, the major portion of 
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Figure 9-13. Capacitance and transfer function of a CdS en- 

hancement-type TFT. C, is the total gate capacitance and C,, is 

the capacitance between the gate and the source electrodes. 
the total gate capacitance exists between the gate and source electrodes. 
It is the gate-drain capacitance that is magnified by feedback and may 
restrict high-frequency performance. 
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Figure 9-14. Drain current of a cadmium sulfide TFT plotted as a 
function of the reciprocal of the absolute temperature. 
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The d-c input resistance of TFT’s is high (up to 10° ohms), but not 
as high as has been measured in MOS transistors. Although the insulator 
resistivities are very high, the presence of minute pinholes may be a 
source of leakage. 

Figure 9-14 shows the drain current at fixed voltages in a coplanar 
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Figure 9-15. The characteristics of three cadmium sulfide TFT’s 
having different values of V, operated as diodes with their gates 
connected to their drains. The forward direction is obtained when 
gate-drain connection is positive relative to the source. 
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CdS TFT plotted as a function of the reciprocal of the absolute tempera- 
ture. Note that at higher positive values of gate potential, V,, the acti- 
vation energy becomes progressively lower. This effect has been 
interpreted as caused by a lowering of the barriers between CdS crystal- 
lites with increasing V,, in agreement with the experimentally observed 
increase in Hall mobility with V,.27 

A convenient feature of the insulated-gate transistor is that it can be 
used as a diode in integrated circuits by simply connecting the gate to the 
drain. Figure 9-15 shows how the resulting diode characteristics depend 
upon the pinch-off voltage, V,, in the transistor. An enhancement-type 
TFT, with V, near zero (as in Fig. 9-8) is preferable. A depletion-type 
unit (as in Fig. 9-9) will have a fairly large saturated reverse current, 
while a strongly enhancement-type unit may require the application of 
several volts in the forward direction for onset of current. In practice, the 
separate gate and drain electrodes may be replaced by a single electrode 
in which an insulating spacer separates a portion of the electrode from the 
semiconductor. 


9-5 DESIGN CONSIDERATIONS AFFECTING THE 
PERFORMANCE OF THIN-FILM TRANSISTORS 


The drain current, J,, for values of drain voltage, Vz, up to the knee of 
the curve is given by the following approximate expression:”4 


Ve 
be ~2(V,—V,WV_—-—2 (9-1) 


L,= 5 


where: [a= “‘field-effect”’ mobility of the carriers; 
l = source-drain spacing; 
C,,= Capacitance across the gate insulator; 
V,, = gate voltage (source is grounded); 
V, = gate voltage required for onset or pinch-off of drain current. 


Although it is based upon the simplifying assumptions of a mobility 
invariant with gate voltage and a semiconductor thin compared to normal 
space-charge layers, this expression agrees well with experiment, provid- 
ing a useful means for discussing TFT characteristics. 

Equation (9-1) is valid only for drain voltages up to the knee of the 
curve, at which point the drain voltage is given by: 


Vidieus = Vo = Vp C=) 
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For Vq > Va,n.¢ the drain current saturates at a value which is nearly 
constant, yielding high output impedance and high voltage gain. The 
saturated drain current is given by: 


Lay = SEV, —V 9-2) 


in agreement with the square-law relationship observed experimentally. 


The gain-bandwidth product for the TFT can be calculated from the 
ratio of transconductance to gate capacitance: 


GB ~ rh (9-4) 
where: 
ae 
or 
C a a Ye) (Va=Vayree) (9-6) 


The preceding relations provide a guide to the design of TFT’s for 
optimum characteristics. The influence of some of the fabrication para- 
meters upon TFT performance are outlined in the following discussion. 


1. Saturation of the /, vs. V, characteristics 


As discussed in Chapter 5, saturation of drain current occurs when the 
depletion layer produced by the gate electrode extends completely 
through the conducting channel in the neighborhood of the drain. As the 
drain voltage is increased beyond the knee (Vz > V,— V,), the pinched-off 
region near the drain gradually increases in length by an amount suffi- 
cient to hold the drain current substantially constant. Under ideal condi- 
tions, the increase in drain current beyond the knee is quite small. In 
practice, any of the following factors can lead to unsaturated character- 
istics: 

1. An unmodulated parallel conductance path between source and drain. 
Such a path would exist if the semiconductor were too thick to be com- 
pletely pinched off by the gate field. It might also be produced in a stag- 
gered-electrode TFT by the presence of metal scattered into the gap 
region during the source-drain evaporation. 


2. Insufficient electrostatic shielding of the gap region from the drain field 
by the gate. This might occur if the insulator were too thick or the source- 
drain spacing were too small. Under these conditions, no channel would 
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be formed, and the device could operate as a space-charge-limited triode® 25 
provided the semiconductor resistivity was sufficiently high. The effect 
of the drain field in forming a weak channel on the underside of the semi- 
conductor (see Chapter 5) has not been noted in the CdS TFT, probably 
because of the presence of surface states on the underside of the semi- 
conductor layer. 


3. Internal breakdown in the semiconductor channel in the high field region 
near the drain for drain voltages above the knee. 


4. Insulator breakdown from the gate to the drain or to the channel near the 
drain. This effect is spurious and does not occur in a good unit operated 
within its specified rating. However, the fields required in the insulator to 
fill the traps and give adequate transconductance may be as high as 106 
v/cm. 


2. The control of the pinch-off voltage 


In the fabrication of integrated circuits incorporating TFT’s, it is 
essential that the built-in gate bias expressed by V, fall within the pre- 
scribed design limits for each TFT. As indicated in Section 9-4, TFT’s 
having a wide range of values of V, can be made from the same semi- 
conducting material. For example, with cadmium sulfide (n-type), 
V, may vary from several volts negative for a depletion-type unit to 
several volts positive for a strongly enhancement-type unit. The value 
obtained depends upon the choice of materials and processing pro- 
cedures, as well as upon the thickness of the layers. For most applica- 
tions, a unit having V, near zero volts and capable of operating in the 
enhancement mode is preferred. The value of V, should remain constant 
throughout the life of the unit and should be unaffected by applied 
voltages, either past or present. 

In the derivation of Eq. (9-1), V, was introduced™ into the expres- 
sion through the definition: 


Nu 
V, =a os 
p Cc, (9 7) 


where q is the electronic charge and N, is the total number of charges 
initially present in the gap region of the semiconductor. 

N, is proportional to the thickness of the semiconductor and the aver- 
age volume density of donors and acceptors. The variation in charge 
density across the thickness of the semiconductor is ignored in the 
derivation of Eq. (9-1), which assumed a thin semiconductor. N, is 
positive for a depletion-type unit, where it represents the total number 
of free carriers initially present in the film. N, is negative for a strongly 
enhancement-type unit, and it represents the total number of acceptor 
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states or traps which must be filled before the free-carrier density can 
be increased appreciably by field effect. 

For a depletion-type unit N, must be large enough to yield the re- 
quired value of J, the saturated drain current at zero gate bias. The 
value of J, derived from Eqs. (9-3) and (9-7) is: 


lao = paCy V5 < paNog (9-8) 
2P 2; 

where N, is positive. Note that J/g, can be small even with semicon- 

ductors having a very high carrier density, provided the semiconductor 

thickness is small and the insulator capacitance is sufficiently large. It 

is interesting to compare /4, with Jay, the drain current which would be 

observed in the same TFT if the gate electrode had been omitted. Since: 


NV. 
te a (9-9) 


it follows that: 


1 eV 
Lao = 5 x Vat dNG (9-10) 


Thus, J, can be considerably smaller than /gyq for all values of Vz much 
greater than V,,/2. 

The tellurium TFT whose characteristics are shown in Fig. 9-10 
illustrates the case where I,, is kept small even though the resistivity of 
the semiconductor is less than one ohm-cm. Although this unit is nomi- 
nally a depletion-type TFT, its low value of Ja, permits an excellent set 
of characteristics when operated in the enhancement mode. To obtain 
such a low Ig., we hold the thickness of the semiconductor to less than 
150 A, and the gate capacitance is made large enough for the gate to 
deplete the entire thickness of semiconductor. This requires a relatively 
thin gate insulator. 

With cadmium sulfide and cadmium selenide the resistivity can be 
sufficiently high to permit the use of semiconductor layers up to several 
microns in thickness. By controlling the density of acceptors and donors, 
we can vary the TFT characteristics from depletion-type to the strongly 
enhancement-type. Although traps and donors throughout the thickness 
of the semiconductor layer may affect the performance of the TFT, those 
nearest the surface of the semiconductor at the semiconductor-insulator 
interface will have the major effect. Acceptor-like surface states will bend 
the bands up at the semiconductor surface, as shown qualitatively in 
Fig. 9-16a, whereas an excess of donor-like states would bend the bands 
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down at the surface, as in Fig. 9-16b. The effect of a positive gate bias 
(in n-type units) is to produce an accumulation layer at the surface, as 
shown in Fig. 9-16c, but the Fermi level does not reach the conduction 
band until the unfilled acceptor-like states have been filled. If too large 
a density of surface states is present, the Fermi level is effectively 
clamped at the energy of the surface state, permitting no modulation of 
conductivity. The same is true for a unit having an excess of donors at 
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Figure 9-16. Effect of donor-like and acceptor-like surface states upon the 
semiconductor energy bands at the insulator interface. Although unit A, is 
more likely to be enhancement-type and unit B depletion type, either unit 
could be operated in either mode. 


the interface (shown in Fig. 9-16d), where the donor-like surface states 
must be emptied before the negative gate can form a depletion layer at 
the surface. The fact that the surface-state density can be kept suffi- 
ciently small on evaporated polycrystalline surfaces to permit effective 
current modulation has been one of the most striking features of the TFT 
development. 

The exact nature of the particular surface states that determine the 
pinch-off voltage in the CdS TFT is speculative. However, it has been 
possible in fabrication to control the value of V, moderately well by the 
processing of the semiconductor and by choice of insulator materials. A 
short 500°C air bake of the cadmium sulfide layer, combined with the use of 
a calcium fluoride insulator, will give an enhancement-type unit. A silicon 
monoxide insulator evaporated in good vacuum on the same semiconductor 
will give a depletion-type unit. The effect of the SiO is probably to com- 
bine with absorbed oxygen on the surface of the CdS, which had been 
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acting as acceptor states. If the SiO is evaporated in a poor vacuum, an 
enhancement-type unit is obtained. A glow discharge over the surface of 
the CdS prior to deposition of the insulator will remove oxygen or sulfur, 
shifting the characteristics toward depletion-type. The value of V, is also 
affected to some extent by the work function of the gate material. An 
aluminum gate tends to give a lower value of V, than a gold gate. 

The magnitude of the surface potential at the cadmium-sulfide insulator 
interface in the TFT has been determined”® by direct measurement of the 
surface photovoltage. A barrier height of 0.15 to 0.25 ev was found for 
CaF, or MgF, insulators, giving a surface state density of 2 < 101! to 
1 X 10"? states/cm?. The barrier height for an SiO insulator was con- 
sistently less than that for CaF, by an amount depending upon the oxygen 
pressure at the time of evaporation. In no case were the bands actually 
bent down to form a built-in accumulation layer such as illustrated in 
Fig. 9-16b. When the CdS surface was treated with a glow discharge and 
covered with an SiO layer evaporated at 10~-® mm pressure, excellent 
depletion-type characteristics were obtained, and the surface was found 
to be nearly “flat band.” These observations were made on cadmium sul- 
fide films having carrier densities between 10!* and 2 x 10!” electrons/cm* 


3. Carrier mobility in polycrystalline semiconducting films 


Thin films deposited by evaporation upon a noncrystalline substrate 
are normally polycrystalline,’® with individual crystallites ranging from 
100 A to more than a micron in size. The influence of such a film structure 
upon the electrical properties of the film is of particular concern in 
establishing the feasibility of building a low-cost TFT having adequate 
performance. The carrier mobility in the film is of prime importance in 
determining the transconductance and the high-frequency capabilities of 
the device. 

The field-effect mobility in the film can be calculated from the measured 
performance of the device by the relationship: 


&m _ MaVa 
C3 [? 


(below the knee) (9-5) 


In materials containing traps, the field-effect mobility would be expected 
to be somewhat lower than the Hall mobility when the traps are only partly 
filled, but would approach Hall mobility as the Fermi level approaches 
the conduction band. In tests? it was found that the field-effect mobility as 
calculated from Eq. (9-5) for units operating in the enhancement mode 
was often considerably higher than the Hall mobility measured on 
similar films. 
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To resolve this apparent anomaly, a series of measurements were 
undertaken using a special form of TFT incorporating Hall electrodes. 
(See Fig. 9-17.) With this structure, the Hall mobility and field-effect 
mobility could be measured on the semiconductor film as a function of 
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Figure 9-17. An experimental thin-film structure used 
in the study of mobilities in the space-charge layer of 
evaporated films. 


gate voltage.”” Figure 9-18 shows a typical variation of Hall mobility 
with gate voltage. The most striking feature of this curve is the rise in 
Hall mobility with gate voltage, followed by a region of substantially 
constant mobility. The decrease in Hall mobility at high gate voltage 
is ascribed to the increased effect of surface scattering as the electrons 
are drawn closer to the semiconductor-insulator interface. Such a 
decrease in mobility with surface potential was predicted theoretically 
for single-crystal surfaces.?8 

The observed increase in Hall mobility at low voltages is not in accord 
with the foregoing theory, which was derived for a homogeneous crystal- 
line semiconductor. This increase in mobility can be explained by the 
assumption that the cadmium sulfide layers tested were electrically 
inhomogeneous, consisting of conducting crystallites separated by 
insulating barriers. Such a structure has been suggested by Petritz29-3° 
for lead sulfide films and by Berger*! for cadmium sulfide films. It can be 
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shown that an increase in gate potential would depress the barriers, thus 
contributing to an increase in the conductivity of the films; this is in 
addition to the normal increase to be expected from enhancing the carrier 
density. Volger®? has discussed the measurements of Hall mobilities in 
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Figure 9-18. Hall mobility in evaporated cadmium 
sulfide films plotted as a function of the voltage applied 
to the gate of the structure of Figure 9-17. 


inhomogeneous films, and he concluded that the measured value of R, 
the Hall coefficient, corresponds to that of the low-resistivity regions. 
Since the Hall mobility, 4, is equal to the product of R and the conduc- 
tivity, 4, would be expected to increase with gate voltage at low values of 
gate potential, and then level off at higher values when the barriers 
are completely depressed.?’ 

Tests of the field-effect mobility and Hall mobility with the experimen- 
tal structure of Fig. 9-17 gave only fair correlation between the two 
quantities. In most cases, the field-effect mobility was less than the Hall 
mobility, but occasionally the reverse was found. Both kinds of mobility 
increased initially with gate voltage. The rise in Hall mobility, shown in 
Fig. 9-18, was typical of all units tested, although in a depletion-type 
unit, the rise began at negative values of gate voltage. 

The probable existence of intercrystalline barriers emphasizes the 
inexact values of both the field-effect and the Hall mobility computed by 
means of formulae which were derived from homogeneous semiconduc- 
tors. The discrepancies observed in the two kinds of mobilities are 
probably no greater than the uncertainty in the experimental measurements 
of either quantity. The value of ug calculated from Eq. (9-5) can easily 
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be too large if electrode material scattered into the gap region produces an 
effective source-drain spacing, /, which is actually less than the measured 
spacing. 

A completely accurate theoretical analysis of the thin-film transistor 
should take into account the variation of mobility with gate voltage. An 
analysis of the thin-film transistor has recently been published by Haering,* 
in which the effect of traps as well as the variation of mobility with gate 
voltage are included. Although these factors may be significant near 
pinch-off, the variation of mobility in the normal operating range of the 
device is completely masked by the much larger variation in carrier density 
induced by the gate. For this reason, the simple analysis assuming 
constant mobility discussed earlier in this section appears to be a satis- 
factory approximation. No experimental evidence for an increase in 
transconductance with frequency as predicted for a wide bandgap semi- 
conductor with traps**-?> has been noted in the measurements on gain- 
bandwidth characteristics described in Section 9-4. The experimental 
data suggest that, in the best units, the so-called fast surface states are 
either not present or remain filled at all times. 


4. Effect of source-drain contacts upon performance 


The failure to provide source and drain electrodes which make a low- 
impedance contact to the semiconductor can lead to distorted character- 
istics and poor performance. For cadmium sulfide TFT’s, underlying 
electrodes of gold make a satisfactory contact, whereas aluminum does 
not. The effectiveness of the underlying gold electrodes is in agreement 
with the work of Dresner and Shallcross on thin-film cadmium sulfide 
diodes,'® where the gold used in this manner was also found to provide 
an ohmic contact. The results may be contrasted with measurements by 
Goodman*™ who showed that gold contacts, evaporated on the surface 
of a single crystal of cadmium sulfide, made a blocking contact with a 
barrier height of 0.7 v. A blocking contact is also obtained when gold is 
evaporated on top of cadmium sulfide films. 

The low-impedance contact produced by the underlying gold probably 
arises from the nonuniform composition of the evaporated layer. Chemi- 
cal evidence has indicated that the first portion of the layer has an excess 
of cadmium.” It is well known that CdS tends to dissociate on evapora- 
tion. A variation in the condensation coefficient of the constituents could 
also contribute to a stratification of the deposit. 

Aluminum electrodes evaporated over the top of the semiconductor 
have been found to make satisfactory ohmic contacts to CdS and CdSe in 
the coplanar electrode structure. In this structure, we are concerned not 
only with the electrode contact but also with the effect that the metal 
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scattered into the gap region (under the mask) will have upon the surface 
conductivity of the semiconductor. Aluminum tends to scatter less than 
gold,*® and the fraction that does scatter tends to oxidize. However, the 
electrical effect of the scattered aluminum is to increase the surface con- 
ductivity of the cadmium sulfide, whereas that of scattered gold is to 
reduce the surface conductivity. The use of an overlying gold source and 
drain in the coplanar structure gives an extremely low transconductance. 

Although aluminum electrodes provide suitable contacts for CdS, the 
aluminum evaporation is somewhat more critical to carry out. If it is 
deposited too slowly, a semi-insulating barrier is formed under the elec- 
trode. Figure 9-19 shows the type of characteristic* obtained when such 
a barrier exists between the source electrode and the semiconductor. 


Poe 
+4.2 V, 


g 
Ltt +4.0 
Yl Pa] l,3 (VOLTS) 


Vo 
Z2ea8 : 
y/ 


Figure 9-19. “Crowded” characteristics observed in a coplanar- 
electrode CdS TFT having an insulating barrier separating the 
source electrode from the semiconductor in the region near the 
source-drain gap. 


The curves are crowded together at a maximum level of drain current, 
whose value is independent of gate voltage. A crowded characteristic 
may be found the first time the unit is operated, or it may develop after a 
few hours exposure to air. The mechanism of current saturation which 
produces crowding is the same as that producing normal saturation, 
except that in this case the pinch-off of current occurs under the source 
electrode instead of under the gate. If the insulating barrier is present at 
only the drain contact, the characteristics are not crowded but show an 
s-shaped rise near the origin. 

Crowded characteristics have rarely been seen in any TFT having the 
staggered-electrode geometry. The staggered-electrode structure puts 
less severe demands upon the source contact since the overlapping gate 
provides a larger effective area of contact. 
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5. Stability in thin-film transistors 


Under ideal conditions, the drain current of an insulated-gate tran- 
sistor should be uniquely determined by the voltages applied to the gate 
and drain, independently of duration of application. The drain character- 
istics observed on a conventional curve tracer should be stable, free of 
hysteresis loops, and identical to the curves obtained when measured 
point-by-point with d-c meters. While such stability is approached closely 
in some units, others exhibit gradually shifting characteristics. The family 
of curves may drift either up or down as more gate steps are added. 

Another form of instability is noted when a reversal of the source- 
drain connections to a TFT (of symmetrical construction) yields non- 
identical characteristics. In unstable units of this type, the reversal of 
the source-drain connections usually leads to a drift of characteristics 
in a sequence which is repeated each time the connections are reversed. 

Slow response and drift in field-effect measurements are normally 
ascribed to the slow emptying and filling of immobile states close to the 
surface of the semiconductor. In the TFT the presence of trapped charge 
in the semiconductor or insulator near the interface region has a large 
effect on the surface potential and on the built-in gate bias, V, (see Eq. 
9-7). The ease of transfer of charge in and out of these states determines 
the effect they will have upon the transistor stability. If appreciable 
transfer occurs in 0.01 sec, hysteresis loops may be noted in the current- 
voltage characteristics. If the transfer requires minutes or hours to occur, 
the gradual shifting of characteristics described in the preceding para- 
graphs will occur. Still slower rates of transfer will become apparent in 
life tests of the units. 

The avoidance of the slow states is one of the major considerations 
in fabrication of thin-film transistors. The stability depends upon the 
choice of materials and processing procedures in ways not fully under- 
stood. If the unit is unencapsulated, the ambient atmosphere can have a 
strong effect on stability in some units. Considerable advance has been 
made in the control of these factors in fabrication. 

Early experimental TFT’s exhibited irreversible deterioration of 
transconductance over periods ranging from hours to years. The rate of 
degradation varied widely in units of supposedly identical design, and the 
deterioration at room temperature was usually independent on whether 
the unit was being operated or stored. The frequency of occurrence of 
early failure in the cadmium sulfide units was greater for the coplanar- 
electrode structure having overlying aluminum electrodes than for the 
staggered structure with underlying gold electrodes. This difficulty was 
traced to the formation of an insulating barrier at the contact between 
the aluminum electrodes and the cadmium sulfide (see preceding section). 
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Another typical effect of aging, which may also be affected by 
exposure to air, is the gradual increase in V, toward a more strongly en- 
hancement-type unit. In this case, the transconductance at a given drain 
current remains constant, but such changes are usually accompanied by 
increased ‘‘rubberiness”’ of the characteristics. 

The encapsulation of the coplanar units in an evacuated enclosure is 
effective in extending the useful life of units to well beyond a thousand 
hours.27 A more convenient type of encapsulation, particularly for in- 
tegrated circuits, is to coat the TFT with a nonporous overcoat prior to 
exposure to air. Figure 9-20 illustrates the characteristics of two initially 
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Figure 9-20. Characteristics of two initially identical CdS transistors having coplanar 
electrodes 345 days after fabrication. The unit on the left was encapsulated by means of an 
evaporated overcoat of silicon monoxide. 


identical coplanar TFT’s, one of which was coated with an overcoat of 
silicon monoxide. The coated unit had dropped only about 20% in drain 
current after a year, while the uncoated unit failed in a few weeks. Other 
vitreous layers such as evaporated selenium or arsenic trisulfide have 
proved to be consistently effective as a protective overcoat. 


9-6 INTEGRATED CIRCUITS INCORPORATING THIN-FILM TRANSISTORS 


The economic importance of thin-film transistors is based largely upon 
the possibility of building low-cost integrated circuits incorporating 
active and passive elements. The evaporated TFT offers the important 
advantage that it can be deposited simultaneously with the other circuit 
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elements upon inexpensive substrates of virtually unlimited size. En- 
tirely new applications of electronics could arise from the fabrication of 
complex circuits deposited in a continuous process upon a flexible roll 
of inert substrate material. 

Experimentation on completely integrated thin-film circuits is now 
being actively carried on. The ease of integrating the insulated-gate 
transistor in circuits was demonstrated by the construction of the three- 
stage amplifier** shown in Fig. 9-21. The use of TFT’s operating in 
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Figure 9-21. An early demonstration model of an inte- 
grated thin-film circuit incorporating TFT’s. The center- 
to-center spacing of the three TFT’s is 0.002". 


the enhancement mode permits direct coupling between stages. The abil- 
ity to deposit both n- and p-type transistors upon the same substrate with 
common electrodes can be utilized in the fabrication of complementary 
circuits. Figure 9-22 illustrates an array of low-drain flip-flops utilizing 
n- and p-type TFT’s. 

Experimental thin-film circuits incorporating many TFT’s have been 
built in the course of research on solid-state image-scanning devices.*** 
The replacement of the electron beam in cathode-ray tubes by an array 
of X-Y address strips driven by two scan generators was proposed many 
years ago," but it was impractical at that time because of the complexity 
of the circuits and structures required. The advent of completely inte- 
grated thin-film circuits has reactivated interest in this approach to tele- 
vision pickup and display. 

Figure 9-23 illustrates semischematically a solid-state image panel. 
This drawing could apply to either an image-sensing device or reproduc- 
ing device. For the image sensor, the light-sensitive area might be an 


242 THIN-FILM TRANSISTORS SEC. 9-6 


inch square, while for the display device, the light-emitting area could be 
several feet square. All picture elements in each panel are addressed in 
sequence by the proper coincidence of voltage pulses applied to the strips 
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Figure 9-22. A layout for an evaporated array of flip-flops incor- 
porating n- and p-type TFT’s. 


by the scan generators. Because of the large number of strips required 
for a high-resolution picture (~500 in each direction), it is proposed to 
fabricate the entire panel, including the scan generators, as a single inte- 
grated circuit deposited upon a common substrate. The insulated-gate 
TFT is particularly appropriate for this type of application because of the 
complexity of the circuit and the need for large-area substrates. 

A scan generator circuit?!4° based on the TFT which is suitable for 
driving the address strips in a panel is shown in Fig. 9-24. The generator 
is clock-driven at an elemental rate, and can provide scanning pulses of 
either polarity to the strips. Its operation is similar to that of a shift 
register in its ability to transfer any binary input. However, the circuit 
is simpler than a conventional shift register in that only two TFT’s, 
two load resistors, a diode, and a capacitor are required for each output 
connection. Although the scanning speed is accurately controlled by 
the clock generator, the range of permissible scanning speeds in a par- 
ticular unit is determined by the load resistor-capacitor time constant and 
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by the loss of stored charge through the TFT in its off condition. For 
slow-speed operation the TFT’s must have low drain current at zero 
gate bias. 
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Figure 9-23. Schematic diagram of a solid-state 
image panel. The central portion of the panel 
represents either a light-sensitive or a_light- 
emitting array. 


Figure 9-25 shows an experimental model of a completely integrated 
30-stage thin-film scan generator embodying this circuit. The output 
strips spaced 0.0125 inch apart are connected directly to 30 photosensi- 
tive elements deposited upon the same one-inch-square glass substrate. 
The TFT’s and diodes use polycrystalline cadmium sulfide with over- 
lying coplanar electrodes. Figure 9-26 shows an enlarged view of a por- 
tion of the TFT and diode area. Three enhancement-type TFT’s are 
formed for each stage, with one of the three having the gate tied to the 
drain in order to serve as a field-effect diode. The load resistors are 
Nichrome strips, and the capacitors consist of aluminum electrodes 
separated by silicon monoxide. 

The evaporation jig and the eight photoetched masks used in fabri- 
cating the circuit were shown earlier in Fig. 9-6. Following the initial 
deposition of the cadmium sulfide, the entire scanner is deposited in 
seven steps during one evacuation of the system. 
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Figure 9-24. Simplified shift-register circuit suitable for driving the address 
strips of a solid-state image panel. Insulated-gate field-effect transistors are used 
as the active elements. 
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Figure 9-25. Photograph of a completely integrated 30-stage thin-film scan generator based 
upon the circuit of Figure 9-24. 
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For operation of the image scanner only five leads are required: 
two for the clock drive, and one each for the start pulse, the ground lead, 
and the video output. Tests were made using 60 evaporated fan-out 
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Figure 9-26. An enlarged view of a portion of the thin-film 
scan generator showing the TFT’s and field-effect diodes for 
five stages. 


leads connected to the drain of each TFT, as shown in Fig. 9-27. The 
ends of these leads were attached to a printed circuit board which 
was plugged into the test equipment. Figure 9-28 shows the drain charac- 
teristics of all 60 TFT’s displayed on a transistor curve tracer. Good 
uniformity is observed from one unit to the next. The characteristics 
of the odd-numbered units are tipped upward because of an alternate 
shunt path through the load resistors to ground. There is no difference 
in the performance of the odd- and even-numbered units. 

The fan-out connections permit the voltage pulse appearing at each 
output terminal of the scanner to be displayed on an oscilloscope. Figure 
9-29 shows the resultant waveform at alternate output terminals for two 
different methods of applying the start pulse. The uniformity in timing 
and shape of the output pulses is apparent. In driven operation, shown at 
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Figure 9-27. View of the 30-stage thin-film scan generator showing the evap- 
orated fan-out connections used for test purposes. 


the left, an external start pulse is applied to stage 1, while in cyclic 
operation the output of stage 30 is used to trigger stage 1. Three scan 
generators have been connected together to operate in cyclic fashion as a 
90-stage ring counter. Scan generators have operated at clock frequen- 
cies ranging from 2 to 200 kc/s. Both higher and lower frequencies can be 
obtained with modified circuit parameters. 

Laboratory models of the 30-stage scan generator have been used in 
research on image-sensor panels. The 30 output terminals of the genera- 
tor can supply scanning pulses to a set of 30 individual photocells or to 
an experimental evaporated array deposited upon a separate glass blank. 
Improved resolution in the image sensor will require scan generators 
with many more output stages which are spaced much closer together. 
A 180-stage generator with output strips spaced 0.0021 inches apart 
has been built.42 A wire grill having 480 wires/in. serves as the principal 
evaporation mask, as described in Section 9-3. 


SEC. 9-7 THIN-FILM TRANSISTORS 247 


VERTICAL 
#|-59 I= ma /div. 
# 60 1,705 madAiiv. 


HORIZONTAL 
V2 5V/div. 


PARAMETER 


Vg=0.2V/step 
(O-2.2V) 


Figure 9-28. Drain characteristics of the 60 TFT’s incorporated into the 
30-stage thin-film scan generator. 


9-7 GROWN-FILM SILICON MOS TRANSISTORS ON SAPPHIRE 


A thin-film transistor fabricated by the application of MOS techniques 
to a film of silicon deposited upon a single-crystal sapphire substrate 
has been described by Mueller and Robinson.?° A_ cross-sectional 
view of the insulated-gate structure is shown in Fig. 9-30. The silicon 
film, 12m thick, is grown epitaxially upon an oriented, highly polished, 
single-crystal sapphire substrate by the pyrolytic decomposition of 
silane (SiH,). The p-type films have resistivities of 1-10 ohm-cm and 
are metallurgically polished to a mirror surface before processing to form 
the MOS transistors. 

The n-type source and drain regions are formed by diffusion into the 
silicon layer from phosphorus-doped silicon dioxide. An oxide layer 
about 1000 A thick is thermally grown on the silicon. A chromium-gold 
gate is evaporated over this oxide. Metal contacts are evaporated for the 
source-drain connections. An array of transistors can be produced by 
standard photoresist techniques. 

Figure 9-31 shows a set of drain current vs. drain voltage characteris- 
tics for one transistor in an array of 200 transistors. The source-to-drain 


248 THIN-FILM TRANSISTORS SEC. 9-7 


distance is 10-° cm and the active width is 1.2 X 10°2cm. The maximum 
transconductance is about 1000 wmhos. This value is within a factor of 
2 of the highest obtained with equal dimensions on bulk-grown single- 


crystal silicon. 
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Figure 9-29. Pulse waveforms observed at alternate output strips of a scan generator which 
had been operated for 150 hours. In driven operation, shown at the left, an external start 


pulse is applied to the input of stage I. In cyclic operation, shown at the right, the output 
of stage 30 is used to trigger stage 1. 


Figure 9-32 shows a simple switching circuit formed by evaporating 
interconnections between individual thin-film transistors in the array. To 
take full advantage of the insulating substrate, the silicon film can be 
confined to the transistor area by masking during deposition or by sub- 
sequent etching of the silicon. 
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Figure 9-30. A cross section of the MOS thin-filmtransistor employing a 
silicon layer deposited upon a sapphire single-crystal substrate. 


The performance of silicon thin-film transistors utilizing the sapphire 
substrates is generally superior to the best reported for polycrystalline 
cadmium sulfide TFT’s on glass substrates. From the standpoint of 
cost, the requirement for a single-crystal substrate is a disadvantage 
and may limit the size of integrated circuits that can be easily constructed 
by this method. The relative cost of integrated-circuit fabrication 
utilizing MOS diffusion techniques, as opposed to all-evaporated tech- 
niques, remains to be evaluated. 
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Figure 9-32. A simple circuit utilizing an array of 
MOS thin-film silicon transistors. (a) Switching-circuit 
diagram; (b) thin-film layout of switching circuit. 
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Applications of 
Field-Effect Transistors 
in Linear Amplifier 
and Attenuator Circuits 


David M. Griswold 


10-1 THE FIELD-EFFECT TRANSISTOR 


1. Introduction 


The theory of operation of field-effect transistors is discussed in the 
preceding chapters. It will be helpful to point out the device-operating 
regions of importance to amplifier and attenuator applications, and to 
define the device characteristics and terms which relate specifically to 
these applications. 

At low drain-to-source potentials (region A to B in Fig. 10-1), the 
channel resistance is essentially ohmic in nature and current flows equally 
well in either direction. This is in contrast to the unilateral electron flow 
from cathode to plate in the vacuum tube, which the field-effect transistor 
otherwise resembles. Also in contrast to the vacuum tube, the field-effect 
transistor can use either electron flow or hole flow. The current decreases 
for negative bias when electron flow is used, but decreases with positive 
bias when hole flow is used. 
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In the pinch-off region (B to D in Fig. 10-1), a portion of the channel 
is depleted of charge carriers by the electric field between gate and 
channel, and the channel resistance becomes very large. In this region, 
further increases in drain-to-source potential cause relatively small 
changes in drain current. Variation in drain current becomes almost 
entirely a function of variation in the gate voltage. 

In a typical sharp-cutoff depletion-type transistor, the pinch-off volt- 
age, V,, is defined for practical purposes as that gate-to-source voltage 
which will reduce the drain current to 1% of its zero-gate-voltage value at 
a drain-to-source voltage (C in Fig. 10-1) that is double the output 
characteristic-curve knee voltage. The zero-gate-voltage drain current at 
this reference point is designated / ,,. 

If the transistor has an insulated gate covering the entire active source- 
to-drain channel, the drain voltage at point B in Fig. 10-1 will have the 
Same magnitude as the pinch-off gate voltage, V,. The slope of the J, 
vs. Vq curve between points A and B is a good approximation of the zero- 
bias channel resistance, rq, The reciprocal of rg, is approximately equal to 
the maximum zero-gate-voltage transconductance of the unit in the pinch- 
off region. This maximum transconductance cannot always be realized in 
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Figure 10-1. Output characteristic of a depletion-type MOS transistor. 
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practice because of surface effects, unmodulated series resistance, or 
voltage or power limitations of a particular transistor. 

If the transistor has an insulated gate that overlaps the source region 
but does not extend all the way to the drain, it may be referred to as half- 
gate, offset-gate, or partial-gate. The uncovered portion of the channel, 
shown in the equivalent circuit of Fig. 10-2 as rg, causes the knee voltage 


GATE : DRAIN 


Vg 


SOURCE 


Figure 10-2. Common-source equivalent circuit of the MOS transistor. 


to be higher than V, by an amount equal to the voltage drop across rj. 
The junction-gate transistor may also have a knee voltage greater than V, 
if there is any unmodulated bulk or contact resistance in series with the 
drain. 

The pinch-off region is the region in which the device is useful as a 
high-impedance voltage amplifier. The ohmic region is the region in 
which the linear resistance variation, as a function of gate voltage, makes 
the device useful as a voltage-controlled attenuator. 

The linear amplifier and attenuator applications of the field-effect 
transistor are, in many respects, similar to those which have been devel- 
oped for vacuum tubes. Vacuum tubes have been designed with multiple- 
grid structures to reduce feedback and to provide special characteristics. 
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Field-effect transistors show signs of following a similar course through 
the addition of extra gates. The increased flexibility and unique features 
provided by the insulated-gate construction make such developments 
desirable for efficient circuit design. 


2. Equivalent circuit 


Figure 10-2 shows a common-source equivalent circuit of an MOS 
transistor operated in the region of the drain characteristic beyond channel 
pinch-off. If the substrate diodes, D, and D,, are removed from the 
circuit, the equivalent circuit applies equally well to thin-film and junction- 
gate transistors. This equivalent circuit is useful to approximately 
100 mce/s. At higher frequencies, it is necessary to modify the circuit of 
Fig. 10-2 by the addition of inductive elements to account for lead induc- 
tances which may resonate with device capacitances and appreciably 
alter the over-all performance. 

ry; AND gq: In the junction-gate field-effect transistor, the resistances, 
rys and ryqg, represent the reverse-biased diode resistance of the gate 
junction, distributed between the gate and the source or drain. Values of 
10° to 10'° ohms are typical in silicon units at room temperature. 

In an insulated-gate transistor, the resistances, r,, and r,g, represent 
the leakage resistance paths through and across the insulating oxide from 
gate to source and gate to drain, respectively. In a properly fabricated 
MOS transistor, these leakage resistances are very high: 10!” to 1017 
ohms. The ratio between the two is mainly a function of the relative 
physical distances across the surface of the silicon dioxide rather than 
through its bulk. 

C, AND r,: The series network formed by the capacitance, C,, and 
the resistance, r,, is a lumped approximation of the actual distributed 
network formed between the active channel resistance and the metalized 
gate. The sum total of the small capacitors distributed along the active 
channel resistance must charge and discharge through this resistance. 
Because the voltage across C, performs the charge control, it is the 
important modulation parameter. The series resistance, r,, is a lossy 
element. Consequently, the high-frequency performance is a function of 
the time constant associated with r, and C,. 

THE TRANSCONDUCTANCE, 2,,: In the pinch-off region, the drain cur- 
rent is relatively constant and is represented by the constant-current 
generator, 2,,e,. At low frequencies, the intrinsic g,,e, and the extrinsic 
8mey are essentially equal. The low-frequency transconductance is the 
slope of the /, — V,, transfer characteristic. 

THE OUTPUT RESISTANCE, rg: The resistance, rg, shown in shunt 
with the gme, generator, represents the dynamic output resistance of the 
transistor. When the transistor is operated in the pinch-off region, rg is 
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orders of magnitude larger than r, and rz and is adequately approximated 
by the slope of the output characteristic curves. By inspection of the 
output characteristic curves, it can be seen that rg increases as the channel 
is further depleted and decreases significantly at low values of drain and 
gate voltage. A unique characteristic of the insulated-gate device is that 
the channel conduction may also be enhanced, with the result that r; may 
be reduced to a much lower value than is possible with the junction-gate 
transistor. 

In a typical amplifier-type depletion MOS transistor, the sum of rg, 
ry and ry may be varied from a low value of about 300 ohms to a high 
value of several hundred megohms, depending on whether the transistor 
is Operated in the ohmic region or the pinch-off region, respectively. 

THE SUBSTRATE DIODES, D, AND D,: The diode, D,, is the junction 
formed between the heavily diffused drain region and the semiconductor 
substrate. The diode, D,, is the junction formed between the heavily 
diffused source region and the substrate. D, and D, are therefore back- 
to-back diodes in shunt with the channel. In some amplifier applications, 
the anodes of D, and D, are connected to the source. This causes D, to 
be reverse biased and tends to short out D,. There is a distributed bulk 
resistance associated with these substrate diodes which cannot be entirely 
eliminated by an external short. In low-frequency applications it has negli- 
gible effect. At high frequencies, these diodes contribute a series RC 
network which alters the effective output admittance. 

THE PARASITIC RESISTANCES, fg AND fy: The resistances, rq@ and 
ry, are those portions of the source-to-drain channel which are not 
controlled by the gate or gates of the transistor. In some insulated-gate 
depletion-type transistors, the major portion of rg may be due to an 
intentional offset of the insulated gate away from the drain. This offset 
results in a greatly reduced feedback capacitance, C,, and a higher 
source-to-drain breakdown voltage. The other resistive component, rg, is 
due to bulk resistance or contact resistance in the source, plus any 
unmodulated channel caused by misalignment of the insulated gate. 

In the common-source configuration, r, represents both a lossy 
element and a degenerative one. The resistance, rz represents a lossy 
element in series with the external load impedance. 

THE CAPACITANCES, Cyq, Cos, AND Cg,: These capacitances include 
the physical case and interlead capacitances between the elements desig- 
nated by the subscripts. C,g and C,, include any voltage-independent 
capacitance contributed by the physical overlap of an insulated gate over 
the source or drain. Cg, includes the capacitances associated with D, and 
D, in the MOS transistor, as well as the intrinsic transistor drain-to-source 
capacitance. The capacitance, C,q, is the intrinsic gate-to-drain capaci- 
tance. This capacitance decreases with increasing drain voltage in an 
n-channel offset-gate MOS transistor, as shown in Fig. 10-3. This 
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decrease in feedback capacitance coincides with an increase in ampli- 
fication factor and output resistance. The over-all effect is that larger 
values of stable voltage gain can be achieved in the offset-gate transistor 
than in a full-gate device having a comparable value of transconductance. 
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Figure 10-3. Intrinsic feedback capacitance as a function of the drain 
voltage of an n-channel MOS transistor. 


SUBSTRATE: When a semiconductor material, such as silicon, is used 
as the substrate for an insulated-gate transistor, it cannot be assumed to 
have a completely passive role. (See Chapter 5.) The semiconductor 
substrate forms a junction with the active channel and may be utilized as 
a second control electrode in the manner of the junction-gate device. Its 
effectiveness, as discussed in Chapter 5, depends on the channel length 
and the doping level of the substrate. One commercial MOS transistor, 
3N98, has an external connection to the substrate gate, which permits 
utilization of the substrate-to-drain transconductance. The transcon- 
ductance is typically 400 to 1000 wmhos or about half of the gate-to-drain 
transconductance. 

TYPICAL VALUES: Typical values for the small-signal equivalent 
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circuit of Fig. 10-2 are given in Table 10-1 for a 3N98 insulated-gate 
transistor. The representation is valid for this transistor up to 60 mc/s. 


Table 10-1 Equivalent Circuit Values for 3N98 Transistor 


(Va = 12v, V,, = Ov, Ig = 5.5 ma) 


Symbol Characteristic Value 
C. Intrinsic channel capacitance 4 pf 
Ca;  Drain-to-source capacitance (includes approximately 1 pf drain- 
to-case and interlead capacitance) 2pf 
Cya + Cyq Gate-to-drain capacitance (includes 0.1 pf interlead capacitance) 0.3 pf 
Cas Gate-to-source interlead and case capacitance 0.9 pf 
2m Forward transconductance 1500 wmhos 
re Effective gate series resistance 100 ohms 
Ya Active channel resistance 15,000 ohms 
ry Unmodulated channel resistance 300 ohms 
2. 60Mc Output conductance, including the effect of the substrate diodes 200 wmhos 
Yod Gate-to-drain leakage resistance 2 x 10'* ohms 
9s Gate-to-source leakage resistance 1 X 10% ohms 


3. Temperature Effects 


In some field-effect transistors the drain current decreases with 
increasing temperature. In others, the drain current increases; and some 
units exhibit a zero temperature coefficient for drain current if the appro- 
priate gate voltage is selected. 

There are two ways in which the temperature can influence the drain 
current of field-effect transistors. First, at constant surface potential, 
the resistance of the channel can change as a result of a change in mobility. 
For many transistors this is the predominant mechanism. For insulated- 
gate transistors, where the current flows very close to the surface, surface 
and defect scattering at positive temperatures may partly compensate 
the negative temperature coefficient of bulk scattering.1 However, a 
second effect which may be more important is a change in surface 
potential caused by the change in temperature. This change in surface 
potential, either through a change in the junction contact potential 
for junction-gate transistors? or through a change in the trap population 
for insulated-gate transistors, works in opposition to the mobility change. 
Thus, it constitutes a built-in gate-voltage compensation of the mobility 
change in the semiconductor. The effect is dependent on the d-c gate bias 
so that at a particular bias the compensation may be optimized. 

Experimental insulated-gate transistors using various diffusion tech- 
niques have exhibited negative, zero, and positive temperature coefficients. 
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The transfer characteristics, shown in Figs. 10-4 and 10-5, at case 
temperatures of 25°C and 100°C are typical of transistors whose drain 
current exhibits a positive temperature coefficient at a given value of 
drain-to-source voltage. At a drain-to-source potential of +12 v and with 
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Figure 10-4. Transfer characteristic of an n-channel MOS 
transistor as a function of temperature. 


fixed gate bias, the transfer characteristic shifts upward about 12a 
per degree centigrade rise in case temperature. If the drain current is 
held constant, the transfer characteristic shifts along the negative gate- 
voltage axis about 8 mv per degree centigrade rise in case temperature. 
Figure 10-6 shows the typical linear variation of transconductance with 
temperature for MOS transistors. 


SEc. 10-1 LINEAR AMPLIFIER AND ATTENUATOR CIRCUITS 261 


In a silicon junction-gate transistor, type 2N2499, the gate leakage 
current is typically 3 X 10-°a with a gate-to-source voltage of 10 v at an 
ambient temperature of 25°C. This silicon-junction reverse saturation 
current approximately doubles for every 8°C rise in junction temperature. 
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Figure 10-5. Low-current transfer characteristic of an n-channel 
MOS transistor as a function of temperature. 


In a silicon insulated-gate transistor, type 3N98, the gate leakage 
current is typically much less than 0.1 X 10°'a with a gate-to-source 
voltage of 6v at room temperature. In contrast to the junction-gate 
device, the gate leakage current of this insulated-gate unit remains 
below 0.1 X 10°" aat 85°C. 

At temperatures above 100°C, current flowing through leakage 
paths across the transistor package may dominate. For example, at 
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150°C a group of empty TO-18 enclosures were found to have an average 
leakage current of about 2 < 10-°a at an interlead potential of 45 v. 
This group may not be representative of all enclosures having similar 
dimensions and materials, but it does suggest that the enclosure leakage 
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Figure 10-6. Relative transconductance ef an n-channel MOS 
transistor as a function of temperature. 


characteristics cannot be taken for granted in applications where very 
high input resistance is a requirement. 


4. Voltage and current effects 


The drain current is affected by the magnitude and polarity of both 
the drain-to-source voltage and the gate-to-source voltage. For a fixed 
value of gate-to-source voltage, an increase in the drain-to-source voltage, 
V.,, from zero causes the drain current to rise rapidly until channel 
pinch-off is reached; then it levels off and remains relatively constant. 
This relationship is shown in Fig. 10-7 for a typical junction-gate transis- 
tor’ and in Fig. 10-8 for typical depletion-type and enhancement-type 
insulated-gate units. 

Figure 10-4 shows how the drain current of a typical offset-gate deple- 
tion-type transistor varies with gate-to-source voltage at medium current 
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levels (0.5 to 8 ma). Figure 10-5 shows the same unit at low current 
levels (5 to 200 a). Figure 10-9 shows the relationship in an offset-gate 
depletion-type transistor between drain current, gate-to-source voltage, 
and drain-to-source voltage in the OFF region, which is of interest in 
chopper-amplifier applications. 
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Figure 10-7. Output characteristics of an n-channel junction- 
gate transistor. 
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Figure 10-8. Output characteristics of an n-channel insulated gate tran- 
sistor. (a) Depletion unit; (b) enhancement unit. 
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Figure 10-10 shows how variation in the substrate bias voltage affects 
the transfer characteristic of an offset-gate depletion-type transistor. 
Figure 10-11 shows how the substrate bias affects the small-signal trans- 
conductance. 
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Figure 10-9. Drain current as a function of gate voltage for an 
n-channel MOS transistor with large negative gate voltages. 


The amplification factor is affected by drain and gate voltage as 
shown in Fig. 10-12. Although high values of amplification factor are 
shown, actual stage voltage gains usually fall in the range of 5 to 50 
because of circuit loading limitations. 

The dynamic output resistance, ra, is found from the slope of the 
output characteristic curves illustrated in Figs. 10-7 and 10-8. The 
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output characteristics show that rq increases as the channel conductivity 
is reduced by the depletion gate voltage. Conversely, rq decreases as 
the channel conductivity is increased by an enhancement-gate voltage. 
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Figure 10-10. Transfer characteristic of an n-channel MOS transis- 
tor for various values of substrate bias. 


The possible reduction in rg is limited in a junction-gate transistor 
because the gate starts to conduct at a very low forward voltage (0.2 v 
in germanium; 0.6 v in silicon). By contrast, a large enhancement gate 
voltage applied to an insulated-gate transistor can reduce the output 
resistance to a value approaching the sum of rg and r,. The limiting 
factor is the gate insulation breakdown rating which may prevent the use 
of a gate voltage large enough to reduce r, to its theoretical minimum. 
Variation of MOS transistor output resistance as a function of voltage 
and current is illustrated in Fig. 10-13. 
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In an offset-gate MOS transistor, the gating action of the substrate 
junction upon ry (the portion of the channel not modulated by the 
insulated gate) actually results in an increase in rz as the drain-to-source 
voltage is increased. As rq increases, the voltage drop across it increases 
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Figure 10-11. Transconductance as a function of gate voltage for 
an n-channel MOS transistor for various values of substrate bias. 


and less of the applied drain-to-source voltage appears across r,, the 
channel resistance which is modulated by the offset insulated gate. 
As the potential across rq drops, the self-pinching action on rz decreases 
and, consequently, ry itself decreases. The net effect is that the product 
of drain current and drain resistance in the offset-gate MOS transistor 
deviates somewhat from the constant value predicted by theory in the 
region above the knee of the drain characteristic of a full-gate MOS 
transistor. However, the use of an empirically derived constant, K, 
provides a reasonable approximation. Figure 10-13 shows the measured 
Iq VS. rq relationship of a typical offset-gate MOS transistor. Also shown 
is a theoretical curve for K = 100 v. 
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Figure 10-12. Amplification factor as a function of bias voltage of 
an n-channel MOS transistor. 
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Figure 10-13. Drain resistance as a function of drain current of an 
n-channel MOS transistor. 
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10-2 SMALL-SIGNAL AMPLIFIERS 


There are three basic single-stage amplifier configurations for field- 
effect transistors: common source, common gate, and common drain. 
Each has certain characteristics which recommend it for use in particular 
applications. In the examples that follow, an n-channel MOS transistor 
is used for illustration, but all statements except those relating to polarity 
apply equally to the p-channel MOS and n- and p-channel junction-gate 
devices unless otherwise noted. 


1. Common-source operation 


The grounded source or common-source arrangement is the circuit 
most frequently used with field-effect transistors. It is characterized 
by a high input impedance, medium to high output impedance, and a 
voltage gain greater than one. It may be used either tuned or untuned. 

In this mode of operation, shown in Fig. 10-14a, the input signal 
is applied between gate and ground and the output signal is taken between 
drain and ground. 


Figure 10-14. Basic circuit configurations. 


(a) Common source; (b) common drain; 
(c) common gate. 


SEC. 10-2 LINEAR AMPLIFIER AND ATTENUATOR CIRCUITS 269 


The common-source voltage gain, A, without feedback may be 
calculated from: 


te ao 
where g,, is the gate-to-drain transconductance, r, is the drain resistance, 
and R, is the effective load resistance. If R, > rg, the voltage gain is 
approximately equal to the amplification factor, 4, of the transistor. 
When r, = R,, the voltage gain is /2. If R, < ra, the voltage gain reduces 
tO 2mR_.- 

An unbypassed source resistor introduced into the common-source 
circuit produces negative feedback proportional to the output current. 
The common-source voltage gain with an unbypassed source resistor is: 


_ 8m aR (10-2) 
rat (Smrat I)Ry+ Ry 


where R, is the unbypassed source resistor. 
The common-source output impedance is increased by the unby- 
passed source resistor and becomes: 


Zo= rat (Smtat DR; (10-3) 


2. Common-drain operation 


Common-drain operation, shown in Fig. 10-14b, is frequently 
referred to as a source-follower. In this arrangement the input impedance 
is higher than that of the common-source configuration. The output 
impedance is low and there is no polarity reversal between input and 
output. The voltage gain is always less than one, and distortion is low. 
Power gain can be very large because of the ratio of input to output 
impedance. 

A transistor is operated as a source-follower when the application 
requires reduced input-circuit capacitance, downward impedance trans- 
formation, or increased input-signal handling capability. 

In the circuit of Fig. 10-14b, the input signal is effectively applied 
between gate and drain, and the output is taken between source and 
drain. This circuit has 100% negative voltage feedback. The voltage 
gain Is: 


R 


A> TG DiaIR, Flee 


(10-4) 
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or, if > 1: 


»_ _ 8mks (10-5) 
ca 1+ 2,,R, 


where R, is the net effect of all resistances between source and ground, 
and yw is the transistor amplification factor. 

If we assume a transistor g,, of 1500 wmhos and an R, of 667 ohms, 
the stage gain, A’, will be 0.5. With an input impedance of one megohm, 
the stage power gain will be almost 32 db. With the same R, and a 
transistor g, of 10,000 uwmhos, the stage gain would increase to 0.87. 

If R, is returned to ground as shown in Fig. 10-14b, the input resis- 
tance R; of the stage is equal to R,. If R, is returned to source instead of 
ground, the effective input resistance, R;, may be determined from the 
following equation in which A’ is the stage voltage amplification defined 
in Eq. (10-4): 


pig 2 Ti (10-6) 
ae SG 


For example, if R, = 1 megohm and A’ = 0.5, R; would equal 2 megohms. 
For the case of a resistive load, the effective input capacitance, C;, 
of the source-follower is reduced by the inherent voltage feedback so that: 


Ci = Cygt 1 -A') Cys (10-7) 


If, for example, C,qa= 1 pf, Cy, = 5 pf, and A’ = 0.5, then Ci, is 3.5 pf. 
The output resistance, R, , of the source-follower iS: 


raR, 
‘— -8 
Re ara t RF Ty a 
For a transistor with g,, = 1500 wmhos, rg = 10,000 ohms and R, = 667 


ohms; then Rj is 333 ohms. 
The output capacitance, C, , of the source-follower is: 


1—A’ 
Cp Ce Fey (=) (10-9) 


If A’ = 0.5 as in the previous input-circuit example, C; is equal to 
Cas + Cys. If A’ is as large as 0.9 and Cy, and C,, are 3 pf and 5 pf, 
respectively, C, becomes 3.6 pf. 
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3. Common-gate operation 


The common-gate circuit of Fig. 10-14c is. used to transform from 
a low input impedance to a high output impedance. The input impedance 
of the common-gate circuit has approximately the same value as the 
output impedance of the common-drain circuit. 

The common-gate configuration is also used in high-frequency 
circuits because its low voltage gain makes neutralization of feedback 
unnecessary in most applications. 

The expression for common-gate voltage gain may be written as: 


(Smfat IR, 


= ——__ 22 tS 10- 
Ao A 1)R, Hoge Ge) 


where R, is the generator resistance associated with the input signal. 
For the typical values, g,, = 1500 wmhos, rg = 10,000 ohms, R; = 
2000 ohms, and R,=500 ohms, the common-gate voltage gain is 1.6. 
Doubling the value of R, reduces the voltage gain to 1.14. 
If the product of g,, and rg is very much greater than unity and rq is very 
much greater than the composite load resistance, R,, the common-gate 
voltage gain may be written as: 


8mR. 
= OS (10-11 
. 1+ gmk, 


4. Cascaded stages 


Field-effect transistors may be used in a number of different cascade 
arrangements, either with other field-effect transistors or with bipolar 
transistors or vacuum tubes. A few of the more likely combinations are 
shown in Fig. 10-15. 

Circuit (a), using typical 3N98 transistors, will produce a voltage gain 
of 15 or 20 and have a low output impedance. The voltage gain is obtained 
in the first stage by operating at reduced drain current, with a resulting 
increase in the g,,//q figure of merit as well as a higher permissible value 
of load resistance. The high input impedance of the second MOS tran- 
sistor is compatible with the large load resistor. The low output impedance 
of the pair is obtained by operating the second stage as a source-follower. 

Circuit (b) is similar to circuit (a) in that the first stage is operated at a 
reduced level of drain current for voltage gain, and the second stage is a 
source-follower for low output impedance. However, all coupling capaci- 
tors have been eliminated, but a separate bias battery must be used in the 
first stage. Although the drain voltage of the first stage is applied directly 
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to the gate of the second stage, its effect is partially cancelled by the 
increased voltage drop that appears across the 1000 ohm source resistor 
in the second stage. For example, if the quiescent drain voltage of the 
first stage is 12 v and the quiescent drain current of the second Stage is 


+Vad +Vaa 


Figure 10-15. Typical cascade circuits using n-channel MOS transistors. 


6 ma at V, = 0, the second stage gate sees —6 v opposing +12 v. The gate 
then sees a net positive gate potential of +6 v. This enhances the drain 
current flow, causing a greater voltage drop across the source resistor; so 
the gate voltage is balanced at about half the original difference or +3 v 
for a unit whose g,, = 1/R,. 

Circuit (c) uses an MOS transistor in the first stage to provide a high 
input impedance and to drive the low input impedance of a bipolar power 
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transistor. This configuration uses the MOS transistor as an impedance 
transformer. Although the low input impedance of the second stage 
bipolar transistor reduces the voltage gain of the first stage to a low value, 
the power gain of the first stage can be very high. 


5. Cascode operation 


Cascode circuit configurations are described by Wallman‘ and a par- 
ticular version may be used to improve the signal-to-noise ratio and 
reduce the feedback capacitance of an amplifier stage. As applied to 
field-effect transistors, the cascode circuit consists of a transistor operat- 
ing as a common-source amplifier driving a second transistor operating in 
the common-gate configuration. See Fig. 10-16. The transconductance 
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Figure 10~16. Cascode circuits. (a) Series cascode; (b) parallel cascode. 
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of the pair is determined by the transconductance of the driving unit so 
long as the driven unit does not limit the current flow through the pair. 
The input impedance of the pair is also determined by the driving unit. 
The output impedance of the pair is determined by the driven unit in all 
cases. If the conductivity of the driven unit is kept above that of the 
driving unit in direct-coupled operation so that no current limiting occurs, 
the output impedance of the pair will always be equal to, or greater than, 
the normal output impedance of the driven unit operating alone. If, on the 
other hand, the driven unit begins to limit, the output impedance of the 
pair may be increased by several orders of magnitude. This limiting 
results from the degenerative action of the driving unit when the pair is 
operated in series and the gate of the driven unit has a d-c return to some 
point in the circuit which is more negative than the driven unit’s source. 
Possible return points are the source of the driving unit, ground, or a 
negative-bias battery. 

Excessive limiting by the driven unit drastically reduces the dynamic 
range of the cascode pair and produces a sharp cutoff at the high-current 
end of the cascode drain-current-gate-voltage transfer characteristic. On 
the other hand, by careful selection of the gate bias of the driven unit, one 
can vary the high-current end of the cascode transfer characteristic over a 
wide range and even give it a remote cutoff characteristic; at the same 
time, the output impedance is maintained at a high value. This is a very 
significant advantage over a single unit because forward automatic gain 
control (AGC) reduces the output impedance of a single unit with undesir- 
able loading on associated tuned circuits. This reduction of the output 
impedance of a single unit under forward AGC conditions also applies to 
the output impedance of a cascode pair if the gate of the driven unit is 
returned to its own source. The d-c output characteristics of cascode 
circuits using various bias arrangements are illustrated later in this chapter 
(see Section 10-3.2). 

The possibility of tailoring the transfer characteristic of the cascode 
pair by biasing the gate of the driven unit is perhaps the most significant 
feature of this circuit configuration, although improved signal-to-noise 
ratio and reduced feedback capacitance are also advantages. 


10-3 GENERAL OPERATING CONSIDERATIONS 


1. Selection of operating point 
The selection of the transistor operating point is determined by one or 
a combination of the following considerations: 


1. Maximum output voltage. 


2. Minimum power dissipation. 
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3. Minimum drain current drift. 
4. Maximum voltage gain. 


5. Availability of bias voltages. 


For maximum output voltage, the first step is to choose the largest 
supply voltage consistent with the transistor drain-to-source voltage 
rating. To determine the load resistance that will result in maximum 
undistorted output voltage, subtract V, from the supply voltage and divide 
by 2. This gives the optimum quiescent drain-to-source voltage. Divide 
this voltage by the desired value of quiescent drain current to obtain the 
value of the appropriate load resistor: 


yak Vaa—Vp 


RE 3 


(10-12) 


Minimum power dissipation will be obtained if both drain-to-source 
voltage and drain current are minimized. Minimum power dissipation is 
of concern in portable battery-operated equipment. Where minimum 
power dissipation is of paramount importance, transistors with low values 
of V,, should be used. Drain current can be reduced by the use of appro- 
priate gate bias, but the related decrease in transconductance should be 
recognized. 

Minimum drain-current drift with temperature can be achieved in 
some transistors if the transistor is biased to its zero temperature co- 
efficient point. For precise compensation, interchangeability of transis- 
tors is compromised. In units which do not have a zero temperature 
coefficient, the drain-current drift due to temperature can be minimized 
by operation at reduced drain-to-source and gate-to-substrate potentials. 

In general, minimum drain-current drift with time will result when the 
transistors are operated with a gate-to-substrate voltage close to zero, 
minimum drain-to-source voltage, and minimum temperature excursions. 

Maximum voltage gain with large values of load resistance can be 
secured if we bias the transistor into the depletion region. This accom- 
plishes the necessary reduction in drain current and increases the 
amplification factor (refer to Fig. 10-12). 

Maximum voltage gain with small values of load resistance is obtained 
when we operate the transistor at the point of maximum transconductance. 
In many offset-gate transistors this point is at, or near, zero gate-to- 
source voltage. In full-gate transistors, the transconductance and drain 
current both increase with enhancement gate voltages. The maximum 
transconductance operating point in these units is limited by the device 
dissipation ratings and the large voltage drop across the load resistor 
which results from the increase in drain current. The required gate bias 


276 LINEAR AMPLIFIER AND ATTENUATOR CIRCUITS SEC. 10-3 


voltage of insulated-gate transistors operating in the region above 
pinch-off may be determined if we assume a square-law relationship 
between gate voltage and drain current: 


Vi= (1 —4 f7*) Vy (10-13) 
la 


Both the offset-gate and full-gate MOS transistors may deviate from this 
square-law relationship as illustrated in Fig. 10-17. Deviations from the 
square-law relationship are in the region of high dissipation and high 
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Figure 10-17. Normalized transfer characteristic at high 
drain current. 


current, generally beyond the recommended ratings of the transistor. 
When operated within ratings, the transfer characteristic of the full- 
gate transistor of Fig. 10-17 follows the square law very closely. The 
offset-gate transistor deviates from square-law behavior when the drain 
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current increases to the point at which the voltage drop across the un- 
modulated portion of the channel resistance, ry, becomes significant. 
This is discussed in greater detail in Chapter 5. Finally, the availability 
of bias voltages determines the extent to which fixed-bias, or fixed-bias 
in conjunction with self-bias, can be used to establish the optimum 
operating point. 


2. Bias circuitry 


The insulated gate of the MOS transistor makes possible a wide 
variety of biasing arrangements, shown in Fig. 10-18. The gate bias 
batteries in these circuits supply no power. In circuits (b), (c), and (h), 
the use of large resistances to supply the gate bias from the drain supply 
voltage essentially eliminates all bias-circuit power loss. 


(9) (h) 


Figure 10-18. Transistor bias circuits for n-channel MOS transistors. 
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Circuits (a), (b), (c), and (d) of Fig. 10-18 may be used to obtain 
a quiescent operating point in the enhancement mode. Circuit (d) is a 
special case in which the positive gate bias is obtained from the internal 
voltage divider formed by the gate-to-source and gate-to-drain leakage 
resistances. It is a very critical circuit and should be considered only 
when it is necéssary to utilize the maximum input-resistance capabilities 
of the MOS transistor. In the case of a typical offset-gate depletion-type 
MOS transistor with no accumulated gate charge, the floating gate attains 
a positive bias equal to about 5% of the drain supply voltage. It is 
especially important to protect the floating gate from damage due to 
electrostatic voltages, since this circuit provides no additional resistive 
paths to dissipate such charges. 

Circuits (e) and (f) are used for operation in the depletion mode. 

Circuit (g) is used for zero-bias operation, except in the case of a 
very large gate-to-source resistance (~10! ohms). In this case, the 
quiescent operating point may be in the enhancement mode as explained 
for circuit (d). 

Circuit (h) is a combination of circuits (b) and (f). This circuit may be 
used in situations where the desired source resistor results in too high 
a value of negative gate bias. The positive voltage from the divider across 
the supply voltage can be chosen to provide any degree of cancellation of 
the negative gate bias. 

An additional possible bias arrangement combines the self-bias source 
resistor circuit (f) with the negative bias battery circuit (e). The fixed bias 
of the battery is used to place the transistor close to the desired operating 
point, and it reduces the portion of the total supply voltage which would 
otherwise have to be dropped across the source resistor to achieve the 
desired gate bias. This is important when it is necessary to use a relatively 
low battery supply voltage with a transistor having a high pinch-off 
voltage. The use of fixed bias is only feasible if the expected ambient 
temperature excursions would produce insignificant changes in the 
quiescent operating point. 

The cascode circuit (see Section 10-2) consists of a transistor 
operating as a common-source amplifier driving a second transistor 
operating in the common-gate configuration. For bias purposes, the 
devices may be operated either in series or in parallel. When operated 
in series, the supply voltage must be approximately double that which 
would be required for operation of a single unit. The two _ basic 
configurations were shown in Fig. 10-16. 

The output resistance of a series cascode pair reaches its high, essen- 
tially constant value, when the drain-to-source voltage of the driving unit 
just exceeds the sum of the enhancement voltage on the gate of the driven 
unit plus the pinch-off voltage of the driven unit. Any further increase 
in the drain voltage of the driving unit causes the gate of the driven unit 
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to become proportionately more negative than its own source. This is 
illustrated in Fig. 10-19, which shows the output characteristics (a and 
b) of two individual n-channel depletion-type transistors and their 
composite cascode output characteristic (c) when operating with a fixed 
positive 10-v bias on the gate of the driven unit. Figure 10-19d shows the 
transfer characteristic for the pair. 
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Figure 10-19. Series cascode characteristic curves. (a) Output 
characteristics of top cascode unit; (b) output characteristics of bottom 


cascode unit; (c) output characteristics of cascode pair; (d) transfer 
characteristic of cascode pair. 


3. Circuit stability 


The saturated drain current is given by 1g=J (1 —V,/V,)?. If it is 
desired to maintain J, constant when the ambient temperature changes, 
V, must be varied in sucha way as to provide the necessary compensation. 

The circuits of Figs. 10-18c and 10-18f both provide an increased 
degree of stability because of the negative feedback which is present. 
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In circuit (c), if Jz increases due to a change in temperature, V,, decreases 
because of the additional voltage drop across Ry and the positive gate 
voltage, V,, is decreased. This tends to cancel out the initial drain- 
current increase. 

In circuit (f), if 7, increases due to temperature effects , VV, decreases 
because of the additional voltage drop across both R, and R,. However, 
the increased voltage drop across R, makes the gate-to-source voltage 
more negative. Again, the net result is a tendency to cancel out the 
initial drain-current increase and to restore V,, to its original value. 

The circuit arrangement of Fig. 10-18b may be used when the larger 
drain currents associated with enhancement mode operation can be toler- 
ated, for example, with either an inductive load or a low value of resistive 
load. Circuit (f) may be used for low drain current applications in which the 
load impedance is large and the loss in d-c gain due to R, can be tolerated 
or, in the case of a-c amplifier circuits, R, can be bypassed with a capacitor. 

One of the outstanding features of the MOS transistor is its very 
high input resistance, which may be even higher than those of the best 
electron tubes. However, unlike the electron tube, whose control element 
(grid) operates in a vacuum, the MOS transistor depends on the relative 
perfection of a very thin insulating layer of SiO, between its control 
electrode (gate) and the active channel. If this layer is punctured by the 
inadvertent application of excess voltage to the external gate connection 
the damage is irreversible. If the damaged area is small enough, the 
additional leakage may not be noticed in many circuits. Greater damage 
may degrade the device to the leakage levels associated with a junction- 
gate transistor. It is very important to take appropriate precautions 
to insure that MOS transistor gate-voltage ratings are adhered to. 

Static electricity represents the greatest threat to the gate insulation 
in the MOS transistor. A large electrostatic charge can accumulate 
on the gate electrode if the transistor is allowed to slide around in plastic 
containers or if the leads are brushed against fabrics such as silk or 
nylon. It is possible to avoid this type of charge accumulation completely 
by wrapping the leads in conductive foil, using conductive containers, 
or Otherwise electrically interconnecting the leads when the transistors 
are being transported. 

Another source of electrostatic charge which may damage the gate 
insulation can be traced to personnel who handle the transistors. A 
human body has a capacitance of about 150 pf. Nearly everyone has 
noticed the spark which may be discharged between one’s hand and a 
lamp or other metal fixture on a cold dry day. This represents a discharge 
of several thousand volts and is associated with relative humidity levels 
of about 10% or less. Even at relative humidity levels of 35%, a person 
may accumulate an electrostatic potential of 300 v. If an individual 
carrying this charge grasps an MOS transistor by the case and plugs 
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it into a piece of test equipment, or in any other way causes the gate lead 
to contact ground before the other leads do, the accumulated electro- 
static charge may break down the gate insulation. To prevent this type 
of damage an electrostatic grounding strap should be used whenever 
insulated-gate transistors are handled. The grounding strap may have an 
impedance to ground of several megohms and still accomplish its primary 
purpose of discharging static electricity. 


10-4 APPLICATIONS OF FIELD-EFFECT TRANSISTORS 
1. Electrometer 


Advanced technology has greatly increased the role played by the 
electrometer. Because of this importance, much development work has 
been done to improve electrometer performance. Many sophisticated 
electrometer circuits have been designed for a variety of general and 
specialized requirements. This section will review electrometer require- 
ments and discuss the features of the field-effect transistor which make 
it especially suitable for this application. 

An electrometer is a d-c voltmeter used to measure potentials devel- 
oped across very high impedances without loading the circuit. Used in 
conjunction with an accurate sampling resistor, it can measure very 
small currents and is called a micromicroammeter (or picoammeter). 

Electrometers are used to amplify the output of high-impedance 
sources such as ionization gauges, photomultiplier tubes, proportional 
counters, ion chambers, piezoelectric crystals, high-impedance pH elec- 
trodes, and photoelectric cells. They are used to measure currents in 
vacuum gauges and in reverse-biased semiconductor junctions. They 
are also used to measure stored charge on capacitors. 

There are two basic approaches to the use of electrometers as sensi- 
tive current-measuring instruments. One utilizes an accurate high-value 
resistor to produce a voltage drop proportional to the current being meas- 
ured. This simple technique works, but it does have certain drawbacks. 
To keep the desired voltage drop across the resistor large compared to 
the thermal noise voltage, it is necessary to increase the size of the 
resistor when measuring small values of current. However, the time con- 
stant of the measuring circuit also increases proportionately. For very 
large values of resistance, such as 10'? ohms, shunted by a typical 
input-circuit capacitance of 30 pf, five minutes is required to reach the 
correct voltage reading. 

The second basic approach to small-current measurement with the 
electrometer seeks to drastically reduce this input time constant by the 
use of a large amount of negative feedback. These two circuit tech- 
niques are shown schematically in Fig. 10-20. 
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Electrometers used as picoammeters are required to measure minute 
currents. Specialized expensive versions, such as the vibrating-reed 
type, have full-scale current ranges as low as 107* a. As voltmeters, 
they have sensitivities from one mv to 10 v full-scale. Drift, referred to 
the input, may be only 200 pv/day, noncumulative.° 


1-10 7A 


ELECTROMETER 


c*= TOTAL INPUT CIRCUIT CAPACITANCE 
(a) 


(b) 


Figure 10-20. General high-impedance current-measurement 
techniques. 


In the more common vacuum-tube electrometer, drift of 1000 uv/hr 
is typical and input impedances of greater than 10'* ohms are available. 
The high impedances are accomplished by the use of specially designed 
high-vacuum electrometer tubes coated with silicone varnish, special 
glass-enclosed resistors coated with silicone varnish, and Teflon-insulated 
cable and wiring. The effects of stray electrostatic fields are reduced 
by careful shielding techniques. 

Response times of 30 to 50 cps have been achieved by the appro- 
priate use of negative feedback to reduce the effective input-circuit 
capacitance. 

Table 10-2 compares the published operating characteristics of a 
typical triode-type electrometer tube with the characteristics of a 3N98 
MOS depletion-type transistor. Of particular significance in this com- 
parison is the lower feedback capacitance exhibited by the MOS transis- 
tor. This, plus the higher voltage amplification factor, suggests that an 
improved first-stage signal-to-noise ratio can be used to offset the higher 
1/f noise whichis presently associated with the MOS field-effect transistor. 
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As pointed out by Munoz,® the operational-amplifier approach to 
current measurement is limited in sensitivity only by the thermal noise 
from the feedback resistor, R,, of Fig. 10-20, if the operational amplifier 
has an infinite input resistance. The MOS transistor, with its insulated 
gate, approaches this infinite input resistance more closely than any other 
active device. In addition, the gate resistance of the MOS transistor is 
relatively insensitive to changes in temperature, as noted earlier. 


Table 10-2 Comparison of a Typical Electrometer Tube and an MOS Transistor 


3N98 
Tube Transistor Units 

Filament voltage 1.25 none Vv 
Filament current 10.0 none ma 
Plate (or drain)-to-filament (or source) ID 7.5 Vv 
voltage 
Grid (or gate)-to-filament (or source) —2.2 —4,§ Vv 
voltage 
Plate (or drain) current 95 90 pa 
Transconductance, gn 110 250 pemhos 
Grid (or gate) current 5x 10-4 1 x 1074 a 
Amplification factor, u 2.1 100 
Output resistance, r, (or rg) 19 400 kilohms 
Grid (or gate)-to-plate (or drain) 2 0.3 pf 
capacitance 
Grid (or gate)-to-filament (or source) 2 5.0 pf 
capacitance 
Plate (or drain)-to-filament (or source) 1.5 2.0 pf 
capacitance 


In using the MOS transistor for the input stage of an electrometer, 
the circuit designer should: 


1. Take precautions to assure that the transient and steady-state gate voltage 
ratings are not exceeded. 


2. Maximize the stage gain to obtain the best signal-to-noise ratio. 


3. Minimize the transistor dissipation to reduce thermal drift. Refer to 
Section 10-3. 


Additional general considerations in electrometer design include the 
following: 


1. Minimize input-circuit capacitance by careful placement of parts. 
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2. Maximize the current sampling or feedback resistor (for low-current 
measurements) to obtain higher signal voltages and to maintain a good 
signal-to-noise ratio. 


3. Minimize input-circuit leakage paths so that large sampling or feedback 
resistors will be feasible. 


4. Shield input circuit from hum and electrostatic voltages. 


2. Phonograph amplifier 


A phonograph amplifier illustrates the way in which a field-effect 
transistor can be used with a bipolar transistor to produce a simple, 
two-stage, high-input-impedance, solid-state power amplifier, shown in 
Fig. 10-21. The design of this phonograph amplifier is based on the 
following requirements: 


1. High input impedance to match a ceramic cartridge such as the Sonotone 
21T or its equivalent (voltage output, 0.56 v; element capacity, 775 pf). 


2. One-watt power output at 10% total harmonic distortion. 


3. Frequency response flat to within + 3 db over the frequency range, 200 to 
6000 cps. This requirement is compatible with a low-cost speaker. 


4. Minimum number of components for low cost. 


5. Operation at 117 v a-c. 
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PRIMARY D.C. RESISTANCE = 200 a 
EFFICIENCY = 80% 


Figure 10-21. Line-operated class A one-watt phonograph amplifier. 
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The characteristics of the field-effect transistor match some of these 
requirements very well. These include a high input impedance and a 
linear transfer characteristic for low distortion at peak signal voltages. 
In addition, it is desirable to have (1) low gate leakage currents, so that the 
operating point is not shifted by a voltage drop across the large gate resis- 
tor, and (2) an insulated gate so that the gate may be operated at zero gate 
bias without causing distortion of large-peak signals. It is necessary to 
have an adequate device transconductance. 

Adequacy is determined by the current gain of the second-stage power 
transistor. In this instance, an RCA 40264 high-voltage silicon power 
transistor with a current gain of 50 is used in the second stage. A first- 
stage transconductance of 1500 umhos provides sufficient drive for the 
second stage. 

CIRCUIT CONFIGURATION. There are four feasible circuit configura- 
tions for the phonograph amplifier using common-emitter operation of 
the power stage: 


1. Common-source Ist stage RC-coupled to the base of the 2nd stage. 
2. Same as (1) but direct-coupled from drain to base. 
3. Source-follower Ist stage RC-coupled to the base of the 2nd stage. 


4. Same as (3) but direct-coupled from source to base. 


The arrangement of (3) accepts the widest range of first-stage drain 
current and transconductance but requires a large drain decoupling 
capacitor, a large source-to-base coupling capacitor, and two resistors 
for establishing the base bias. 

The arrangement of (4) eliminates the source-to-base coupling 
capacitor and the two base bias resistors. However, the permissible drain- 
current spread is greatly reduced because the base bias becomes a direct 
function of drain current. 

The amplifier performance was checked using both (4) and (2) 
configurations and was found to be essentially the same in both cases. 

The volume control is placed in the gate circuit of the MOS transistor. 
See Fig. 10-21. The low side is returned to a d-c feedback voltage 
divider in the emitter circuit of the power transistor, and the wiper arm 
is connected directly to the gate. Because of the negligible leakage 
currents associated with the insulated-gate of the transistor, no signi- 
ficant gate-leakage-current noise voltage is developed across the multi- 
megohm potentiometer. The amplifier provides full power output with 
0.25 v RMS at the input. Because the volume-control wiper arm is 
connected to the gate, the gate rarely ‘“‘sees” more than 0.25 v. This 
means that distortion contributed by the first stage is a negligible factor 
in the over-all amplifier performance. This would not be the case if the 
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volume-control potentiometer was placed in series with the source 
or if volume control was accomplished by variation of the d-c gate bias, 
because the transistor input would then be subjected to the peak output 
signal of the cartridge. At maximum input-signal levels, the peak-to 
peak voltage swing at the gate could be expected to exceed 5 v. The vol- 
ume control, acting as a variable voltage divider ahead of the transistor 
input, provides a clear advantage in this application. 

QUIESCENT OPERATING POINT. The second-stage bipolar power tran- 
sistor presents a load impedance of approximately 200 ohms to the 
first-stage MOS transistor. Because of this low value of load resistance, 
we achieve maximum voltage gain in the first stage by maximizing its 
transconductance. 

Reducing the drain resistance, ry, has little effect until it drops to 2000 
ohms or below. This can be seen by an examination of the voltage- 
amplification expression, Eq. (10-1). Since the transistor drain resistance, 
4000 ohms, is much greater than the load resistance, 200 ohms, the 
voltage gain of the first stage is 2,,R_. 

In general, the transconductance tends to increase with positive gate 
voltage if the quiescent drain voltage is large compared to the output- 
characteristic knee voltage. Therefore, in this application it is desirable 
to operate the MOS transistor at as high a drain voltage and enhancement- 
gate voltage as the ratings will allow. 

COMPLETE AMPLIFIER. Figure 10-21 shows the complete circuit of 
the amplifier in which the drain of a 3N98 insulated-gate transistor was 
direct-coupled to the base of a RCA 40264 bipolar transistor. The d-c 
feedback from the emitter divider to the gate causes the 3N98 to operate 
in the enhancement region of its output characteristic. This feedback 
improves the device interchangeability. The use of a field-effect transistor 
having a higher transconductance, in conjunction with greater amounts of 
negative feedback by source degeneration, would further improve inter- 
changeability. The upper-frequency response of this amplifier is limited 
by the 0.01 uf capacitor shunting the primary of the output transformer. 
This capacitor also serves to protect the output transistor from high- 
frequency transients in the 117-v line. 


3. Voltage variable resistor 


The linear output characteristic of the transistor in the low drain-to- 
source voltage region prior to channel pinch-off is referred to as the ohmic 
region. Varying the gate voltage of the transistor causes the drain-to- 
source resistance to increase or decrease, but the J, vs. V, characteristic 
remains linear. Thus, the device may be used as a low distortion, voltage- 
controlled attenuator. Chief advantages of the transistor in this appli- 
cation are the negligible gate-power requirements and the large dynamic 
range. 
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Figure 10-22 shows the drain resistance as a function of gate voltage 
for a typical n-channel depletion-type insulated-gate transistor. Units 
with higher pinch-off voltages will accept correspondingly greater peak 
signal voltage swings before waveform distortion occurs. However, the 
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Figure 10-22. Drain resistance as a function of the gate voltage of 
an n-channel MOS transistor. 


higher pinch-off voltage units require higher gate-voltage excursions to 
cover the resistance range from minimum to maximum. A typical silicon 
n-channel offset-gate depletion-type MOS transistor with V, = —6 v will 
produce less than 2% total harmonic distortion in a 100-mv, 400 cps 
signal. Signal attenuation is illustrated in Fig. 10-23, which shows 
the output signal as a function of gate voltage for the circuit shown. 

Figure 10-24 illustrates several possible circuit configurations using 
the field-effect transistor as a voltage variable resistor. Circuit (a) may be 
used when signal levels are high, so that the thermal noise of the one- 
megohm series resistor will not degrade the signal-to-noise ratio of the 
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system to an objectionable degree. Circuit (a) is a simple L-pad configur- 
ation in which the transistor serves as the variable resistive element in the 
low side of the attenuator. In this circuit, the maximum attenuation is 
generally between 60 and 70 db, and the minimum attenuation is 1 to 2 db. 
This circuit must be followed by a high-impedance load such as acommon- 
source transistor amplifier. 
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Figure 10-23. Signal attenuation as a function of the gate voltage 
of an n-channel MOS transistor. 


Circuit (b) is the inverse of circuit (a) in that the transistor serves as 
the variable resistive element in the high side of the attenuator. Maximum 
useful attenuation in this circuit is also between 60 and 70 db, and the 
minimum attenuation is between 1 and 6 db. Circuit (b) is used to work 
into a low-impedance load such as a common-emitter bipolar transistor. 

Circuit (c) demonstrates a method for providing simultaneous voltage 
control of both arms of an L-pad attenuator. In this circuit, a p-channel 
enhancement-type transistor is used in the upper arm, and an n-channel 
depletion-type transistor is used in the lower arm. Negative voltage applied 
to the gates causes the n-channel unit to increase in resistance while, at the 
same time, the resistance of the p-channel unit decreases. When the gate 
control is at 0 v, the drain resistance of the bottom unit is about 500 ohms 
and the upper unit is about 10 megohms. This produces a maximum 
attenuation of approximately 86 db. When the gate control is at —6 v, the 
drain resistance of the bottom unit is about 10 megohms and the upper 
unit is about 500 ohms. Under these conditions, the attenuation is essen- 
tially zero. This circuit must work into a high-impedance load. 

Design considerations for utilizing a field-effect transistor as a linear 
attenuator include: 

1. Decouple the gate(s) adequately to prevent the introduction of unwanted 

signals. 
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. Insert the transistor attenuator at a point in the system where the signal 


level is as high as the transistor can accept without excessive distortion. 


. In a-c systems, minimize d-c current flow through the transistor by the use 


of suitable blocking capacitors. 


. In a-c systems, provide proper layout to minimize stray shunt capacitance. 


. In a-c systems, take into account the effects of the capacitive elements of 


the transistor. 


CONTROL Vg 


Figure 10-24. Attenuator circuits using MOS 
transistors. 
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The Field-Effect Transistor 
in High-Frequency 
Linear Circuits 


Paul E. Kolk and Harwick Johnson 


11-1 INTRODUCTION 


This chapter describes the use of insulated-gate field-effect transistors 
in linear amplifiers at frequencies into the ultra-high-frequency range. 
The transistors are characterized by their two-port admittances, and 
radio-frequency circuit designs are developed in terms of these admit- 
tances. The cross-modulation performance of the field-effect transistor 
is compared with that of bipolar transistors and vacuum tubes, and experi- 
mental confirmation of its superiority is presented. The linear circuit 
design is illustrated for two transistors. One is a high-frequency tran- 
sistor described in Chapter 8 and discussed in linear circuit applications 
in Chapter 10. The other is an experimental uhf transistor designed for 
operation at higher frequencies. 

The extensive development of the silicon bipolar transistor made 
possible the development of compact low-power receivers that operate 
at frequencies up to 1000 mc/s with noise figures of 6 db. When a bipolar 
transistor is used as a linear amplifier, its r-f selectivity and capability of 
handling interfering signals do not compare favorably with the perform- 
ance of vacuum-tube circuits. However, the power gain and noise figure 
are better than those for germanium transistors and tubes. 

On the other hand, the insulated-gate field-effect transistor does have 
characteristics which make possible the development of receivers with 

291 


292 HIGH-FREQUENCY LINEAR CIRCUITS SEC. 11-2 


good r-f selectivity and an ability to withstand interfering signals; this 
compares favorably with vacuum tube circuits. These considerations are 
of considerable significance in communication system design, for the 
field-effect transistor offers the receiver designer the first solid-state 
device which attains the performance of the vacuum tube in this respect. 


11-2) ADMITTANCE PARAMETERS 


The two-port small-signal parameters provide the most convenient char- 
acterization of the transistor for linear circuit analyses. The admittance, 
or y-parameters, will be used here. A set of y-parameters can readily be 
converted to an impedance (z) set, a hybrid (h, g) set, or to other equiva- 
lent circuit representations. The choice is largely a matter of the designers 
preference or of the convenience of available measuring equipment. 

The admittance specification of a two-port is illustrated in Fig. 11-1, 
where the relationship between the input and output currents and vol- 
tages is given by: 


L,=yWVitypVe 


(11-1) 
T= YorVi + YooVe 


The input admittance, y,,, is the admittance of port 1 when port 2 is 
short-circuited (V, = 0). The reverse transfer admittance, y,», is the trans- 
fer admittance from port 2 to port 1 when port 1 is short-circuited 
(V, = 0). The forward transfer admittance, y.,, is the transfer admittance 
from port 1 to port 2 when port 2 is short-circuited (V. = 0); it is also 
referred to as the forward transadmittance. The output admittance, yoo, 
is the admittance of port 2 when port 1 is short-circuited (V, = 0). 


PORT | PORT 2 


hms s—l, 


yj Yo 


Figure 11-1 Two-port admittance representation of a network. 
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A three-terminal device such as a transistor has one electrode com- 
mon to the input and output circuits, and this choice must be specified 
in stating the characteristic set of admittance parameters. The source 
is most frequently used as the common electrode in describing the field- 
effect transistor. The set of common-source admittances will be written 
as: 

input admittance Vis = Bis + jbis 


reverse transfer admittance Yrs = 8rstjbrs (1-2) 


forward transfer admittance ys, = gy, +jby, 
output admittance Vos = Bos tjdos 


where the subscript, s, denotes the common source. Subscripts g and 
d will be used to denote common-gate and common-drain parameters, 
respectively. General relations will be written without the configuration 
subscript. A common-source admittance set can readily be converted 
to an equivalent common-gate or common-drain set by use of the in- 
definite matrix.' See Section 11-3. 

The specification of transistor parameters in this way makes possible 
the use of matrix operations in circuit analyses. Thus, the common- 
source admittance matrix is: 


Yis Yrs 


{= 
Yts Vos al 2) 


Ys = 


While two-port admittance sets are convenient for circuit analyses, 
the transistor itself is frequently described by an equivalent circuit reflect- 
ing the physics of the device. The circuit elements of the equivalent cir- 
cuit are usually independent of frequency over a wide range. An equiv- 
alent circuit for the field-effect transistor is shown in F ig. 11-2 and has 
been discussed in Chapter 10. By calculating the two-port admittances 
for this common-source circuit, we can express the frequency variation 


Cod 


Figure 11-2. Common-source equivalent circuit representation 
of the insulated-gate field-effect transistor. 
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of the admittance parameters in terms of the equivalent circuit elements. 
These relations are: 


aig Ht a 
Vis re + (1/@C,)? 2 joo} Con + Coa + 1+ (or,.C,) i 
Yrs = —jwCag 
Be (11-4) 


Vs = aon. jJoCag 


1 ; 
Yos = ras + jo(Cas + Caza) 


11-3 THE FIELD-EFFECT TRANSISTOR AT HIGH 
FREQUENCIES 


1. Transistor parameters 


The two-port common-source admittances? of an insulated-gate field- 
effect transistor are shown in Figs. 11-3 through 11-6. The input 


10.00 
Yis = Gis + jbis 

3 bis 
fe) 
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= 
a 1.00 
= 
a 
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- 
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' 
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Figure 11-3. Common-source input conductance and susceptance 
as a function of frequency for a high-frequency MOS transistor. 
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admittance for this transistor remains susceptive up to several hundred 
mc/s, and the reverse transfer admittance is dominated by the feed- 
back capacitance from drain to gate. The forward transadmittance is 
essentially constant and real up to about 60 mc/s, so the low-frequency 


yrs =Qrs + jbrs 


1.00 


0.10 


Yrs - REVERSE TRANSFER ADMITTANCE (MILLIMHOS) 


0.0! 10 100 


FREQUENCY Mc/sec 


Figure 11-4. Common-source reverse transfer conductance and 


Susceptance as a function of frequency for a high-frequency MOS 
transistor. 


concepts of a real transadmittance (transconductance) are applicable up 
to this frequency. The real and imaginary components become equal in 
magnitude at about 200 mc/s. Because the output resistance of a field-effect 
transistor with its pentode-like characteristic is high, the conductive and 
susceptive components of the output impedance become equal near 10 
mc/s. The susceptive components of Yos and y,, vary linearly with fre- 
quency as expected from the model of Fig. 11-2 and Eq. (11-4). The 
susceptive components of y,, and y,, vary slightly differently as would be 


296 HIGH-FREQUENCY LINEAR CIRCUITS sEc. 11-3 
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Figure 11-5. Common-source forward transfer conductance and 
susceptance as a function of frequency for a high-frequency MOS 
transistor. 


expected from the presence of the r, terms in Eq. (11-4). These observa- 
tions are in accord with the equivalent circuit model of Fig. 11-2. 

The two-port admittances of this transistor are given for the common- 
source, common-gate, and common-drain configurations at frequencies of 
10, 20, 40, and 80 mc/s in Table 11-11.” The general characteristics of the 
different configurations are similar to those for similar vacuum-tube 
configurations. The transconductance, gy, is essentially independent of 
the configuration. The common-gate shows a high input admittance 
analogous to a grounded-grid vacuum tube. The common-drain configu- 
ration shows the low input admittance and high output admittance of a 
cathode-follower. A detailed discussion of the particular properties of 
these configurations is given in Chapter 10. 
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Table 11-1 MOS Transistor Admittances (in wmhos) for Common-Source, Common-Gate, 
and Common-Drain Configurations 


f= 10 me/s 20 mc/s 40 mc/s 80 mc/s 


Yos= Gost] Dos 
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Figure 11-6. Common-source output conductance and suscep- 


tance as a function of frequency for a high-frequency MOS tran- 
sistor. 
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2. High frequency circuit design 


The transistor parameters described earlier will be utilized to discuss 
circuit design considerations and performance of the field-effect transistor 
at high frequencies. For illustration, an elementary circuit will be used 
first. Consider the operation of the transistor in the circuit of Fig. 11-7 at 


D 
G 


Qg OL 


Figure 11-7. Elementary common-source amplifier circuit to 
illustrate the use of admittance parameters. 


60 mc/s. From Figs. 11-3 through 11-6, the transistor y-parameters at 
this frequency are: 


Vig = (0.08 + j2.0) xX 10-3 = 2 X 10-3 287° ohm™ 


Vrs = —jO.12 X 10°? = 0.12 X 107? Z— 90° ohm"! (11-5) 
Vp = (1.3—j0.12) X 107° = 1.3 k 1073 Z—6°ohm™ 
Vos = (0.13 + 0.48) X 107? = 0.49 X 10°? 275° ohm 
The admittance matrix, Eq. (11-3), for this circuit is: 
0.08 + g,+j2.0 — j0.12 
y= 107? ohm"! (11-6) 
1.3 —j0.12 0.13+¢,+, 0.48 


where g, and g, are the source and load conductances in millimhos, 
respectively. lfg,=2*x 10-3 ohm~! and g, = 10-5 ohm’, the admittance 
matrix becomes: 


2.08 + j2.0 — j0.12 


we 10-? ohm“ (11-7) 


1.3—j0.12 0.14+ 0.48 


The forward voltage gain is: 


— }f = 0.496 +j2.56 = 2.6 £101° (11-8) 


SEc. 11-3 HIGH-FREQUENCY LINEAR CIRCUITS 299 
or a magnitude of 8.4 db. The reverse voltage gain is: 


a ‘ = 0.0288 + j0.03 = 0.0415 246° (11-9) 


i 


or a magnitude of —28 db. 


The ratio of the forward power gain to the reverse power gain of the 
transistor is a power-gain figure of merit of the transistor.’ It is inde- 
pendent of the source and load admittances and is a characteristic of the 
transistor itself. For the field-effect transistor considered before, this 
ratio is: 


xf 


r 


2 


To check for short-circuit stability, a third row and column are added 
to the matrix of Eq. (11-7) to make the sum of the elements in each row 
and in each column equal to zero. This is the indefinite matrix! and, for 
the circuit example of Fig. 11-7, the indefinite matrix is: 


2.08 +j2.0 —j0.12 —2.08—/1.88 
y=| 1.3—j0.12  0.14+ 70.48 —1.44—j0.36 | 10-%ohm-! (1-11) 
—3.38—~j1.88 —0.14-j0.36  3.52+/2.24 


The elements on the main diagonal represent the driving-point admit- 
tances of the gate, drain, and source terminals, respectively, when the 
other two terminals are grounded. The conductances of the main diagonal, 
in this example, are all positive, hence, the circuit is short-circuit stable at 
this frequency. The appearance of a negative value would have indicated 
instability. 

The indefinite matrix for a transistor is also a convenient method of 
obtaining the admittances for the different configurations of the transistor 
if the admittance matrix is known for one configuration. From the known 
matrix, the indefinite matrix for the transistor can be set up in the manner 
described earlier for the circuit example. Crossing out the row and column 
containing the driving-point admittance of the common electrode, we 
obtain the admittance matrix for that particular configuration. In our 
example, the lower right-hand end of the main diagonal is the source- 
terminal admittance. Therefore, crossing out the third row and column 
yields the common-source admittance matrix which was the starting 
point, Eq. (11-6). 

A narrow-band transistor amplifier network will be neutralized if we 
connect it in parallel with a passive two-port network whose reverse 
transfer admittance is the negative of the reverse transfer admittance of 
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the active two-port. This is essentially a method of making a nonunilateral 
active network unilateral. The resulting combination may be treated as a 
unilateral two-port network. 

When a transistor amplifier is neutralized, the input and output admit- 
tances are independent of the source and load admittances. The input and 
output networks can therefore be designed independent of one another. 
The neutralizing, input, and output networks can be designed when the 
small-signal admittance parameters of the transistor are known. It can be 
shown that the amplifier gain will be a maximum if the source and load 
admittances are the conjugates of the transistor input and output admit- 
tances, respectively, after neutralization. The maximum power gain of 
the neutralized circuit under these conditions is given by:35 


G a Ly, —y alg 
me 4(g;+8,) (20+ Br) 
where the admittances and conductances are those of the transistor. For 
the transistor whose two-port admittances are given in Eq. (11-7) fora 
frequency of 60 mc/s, this becomes: 
& (1.3)? 
max” 4(0.08) (0.13) _ 
A 60 me/s neutralized circuit utilizing field-effect transistors similar to 
that discussed earlier is shown in Fig. 11-8. Measured values of power 
ARCO 400 


(11-12) 


G 41 or 16db (11-13) 


ARCO 402 


+Vq 
L, = 5 TURNS No, 20 WIRE; DIA. 
Lz = 10 TURNS No. 20 WIRE; DIA. 


Figure 11-8. Amplifier circuit at 60 mc/s for an MOS transistor. 
L, = 5 turns No. 20 wire; 1/4 in. diameter L, = 10 turns No. 20 wire; 
3/8 in. diameter. 
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502 
LOAD 


502 
SOURCE 
Hi 


L; = 24uH COIL 
T, = 5 TURNS WOUND ON 24uH COIL 
Le = 1OuH COIL 

To = 3 TURNS WOUND ON |OuH COIL 


UNITS WERE MEASURED WITH Vy =+/15V 
AND Vg =OV 


Figure 11~9. Field-effect transistor-amplifier circuit for 10 mc/s. 
L, = 24 wh coil; 7, = 5 turns wound on 24 wh coil; L, = 10 wh coil; 
T, = 3 turns wound on 10 zh coil; Vz = 15 v; V, = Ov. 


gain in this circuit are 12-14 db with a noise figure of 6 db. The circuit 
bandwidth was 2 mc/s and the generator impedance was 50 ohms. 

The performance at 10 mc/s was evaluated in the circuit of Fig. 11-9. 
Measured values of power gain and noise figure were 18-20 db and 4.5 db, 
respectively. The generator impedance was 50 ohms and the circuit band- 
width was 1 mc/s. 

A transistor designed for operation at higher frequencies and which 
will be discussed next yields a power gain of 22 to 24 db and a noise figure 
of 3.5 db in the circuit of Fig. 11-8. 


11-4 THE FIELD-EFFECT TRANSISTOR AT UHF 


1. Transistor parameters 


The two-port common-source admittances of an experimental insu- 
lated-gate field-effect transistor designed to operate into the ultra-high- 
frequency range are shown in Figs. 11-10 through 11-13. At low 
frequencies, the behavior is similar to that described for the high-frequency 
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Figure 11-10. Common-source input conductance and susceptance of a uhf field-effect 
transistor as a function of frequency. 


transistor; but above 400 mc/s, deviations from the simple low-frequency 
theory are evident in the input and forward transfer admittances, and at 
even lower frequencies in the case of the reverse transfer admittance. 
Some of this can be accounted for by small but significant inductances in 
the transistor assembly and measurement equipment. Nevertheless, the 
experimental data indicate that further refinement of the equivalent 
circuit is necessary at these frequencies. The output admittance is well- 
behaved over the measurement range. 
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Figure 11-11. Common-source reverse transfer susceptance of a uhf field-effect transistor 
as a function of frequency. 
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The common-source admittance parameters at 400 mc/s for this tran- 
sistor are: 


Vig = (114+ j24) x 10-3 = 26.4 x 10°72.65° ohm 
Vrs = —j0.7 X 10°32 = 0.7 X 107-3 Z— 90°ohm"! 
Ypg = (16 —J9) X 1073 = 18.3 X 1073 Z—29°ohm™! 
Vos = (0.6 +j2.75) X 10-3 = 2.8 278° ohm" 


(11-14) 


MILLIMHOS 
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Figure 11-12. Common-source forward transfer conductance and susceptance of a uhf 
field-effect transistor as a function of frequency. 


2. UHF circuit design 


The condition that the real part of the driving-point admittances be 
greater than zero is a necessary but not sufficient condition to assure 
unconditional stability. Other considerations involving feedback may be 
operative to permit unlimited gain under some conditions. These effects 
generally become increasingly important at higher frequencies. The 
conditions for unconditional stability will be examined in greater detail 
and applied to the uhf field-effect transistor whose two-port admittances 
were described earlier. The stability relations have been expressed in 
many forms. The relations given by Linvill® will be used here. 

The criterion for unconditional stability may be expressed in the form: 


YrYe 


_ 1 
22:20 AY) = G (11-15) 
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Figure 11-13. Common-source output conductance and susceptance of a uhf field-effect 
transistor as a function of frequency. 


where C is the stability factor. If C is less than unity, the network is 
unconditionally stable. If C is greater than unity, the network is not 
necessarily unstable but may be stable under certain adjustments of 
source and load admittances. 
When the output admittance of an active device is conjugately matched 
by the load admittance, the power gain is given by: 
Poo yl? 


acy aR 077, 7 SES 11-16 
Pi, 48:8. — 2209) a 


This differs from the maximum available gain by less than 3 db if the tran- 
sistor is not potentially unstable. From Eqs. (11-15) and (11-16), C 
may be written as: 


Poo (¥rl 
C=o es (11-17) 
Pig Lvl 
The maximum available gain, G4, is related to Poo/ Pio by: 
P. 
G,= Ke om (11-18) 


where Kg is defined as: 


—V1—cC2 
Ko= a0 (11-19) 
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If the stability factor, C, is less than unity, the expression is real, and the 
maximum available gain is finite. If C is greater than unity the maximum 
gain becomes infinite. 

The optimum source admittance, ys, and load admittance, y,, for the 
maximum gain condition are given by Eqs. (11-20) and (11-21), respec- 
tively: 


‘ * 
where @ is the argument of (— y,y,)*; and: 
280 


=— SS -21 
Yu =~ Yo 1—(EK exp 6/2) (11-21) 


Utilizing these relations, we will design the circuit for a 400 mc/s 
amplifier using the uhf field-effect transistor. 

From the power gain, Eq. (11-16), and the admittances of the tran- 
sistor, Eq. (11-14): 


Poo (18.3) 
SS SSW ee 
P,, 4(11)(0.6)+ 26.3) 8.7 or 9.5db (11-22) 


The stability factor from Eq. (11-17) is: 


0.7 
C= 28.) Ge= 0.66 (11-23) 


Since C is less than unity, this transistor is unconditionally stable at 
this frequency. The maximum available gain from Eq. (11-18) is: 


2(1— V 1— (0.66)? 
G4 = ee e= 10 or 10 db (11-24) 


Calculating for the source and load admittances using Eqs. (11-20) 
and (11-21) gives: 


ys = (12.36 —j33.3) X 107-3 ohm! (11-25) 


y_ = (0.67 —73.2) X 10-3 ohm7! (11-26) 
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At uhf, the input and output resonant circuits often take the form of 
modified quarter-wave coaxial resonators. The open end of the coaxial 
element is loaded by the transistor capacitance, and an additional variable 
capacitance may be added for tuning. In cylindrical or coaxial form, the 
outer diameter should be 3.6 times larger than the inner diameter to obtain 
minimum attentuation and high Q. The characteristic impedance, Z,, 
of such a line is: 


Z, = 601n f = 77 ohms (41-27) 
An inductive reactance, X,, is obtained by the use of a line length 
shorter than a quarter wavelength; the reactance is related to the length, 
L, by: 
27 


X,=Z,5 tan >— (11-28) 


where A is the wavelength. 

For practical reasons, resonators are often constructed in the form 
of strip lines rather than coaxial lines, and such a construction will be 
described. The characteristic impedance of strip lines is shown in Fig. 
11-14 for various dimensional relationships. 
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Figure 11-14. Characteristic impedance of strip transmission lines 
as a function of dimension ratios. 
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For the input resonator design, a strip thickness, t, of 0.05 in. is 
chosen as a practical thickness for a silver-plated brass strip. A cavity 
width, b, of 1 in. and a strip width, w, of 0.1 in. are selected. The charac- 
teristic impedance of a strip line of these dimensions, from Fig. 11-14, 
is 160 ohms. From Eq. (11-25), an inductive reactance of 30 ohms at 
400 mc/s (A = 75 cm) is required. The length of line from Eq. (11-28) is: 


75 30 . 
l= a7 are tany¢ =2.3cm~=~ lin. (11-29) 


The output requires an inductive reactance of 310 ohms from Eq. 
(11-26). For a strip line having characteristic impedance of 160 ohms, 
this requires a length: 


75 310 : 
{= 57, are tan 7% = 12.5cm =~ Sin. (11-30) 


The construction of the 400-mc/s amplifier circuit according to these 
design guides is shown in Fig. 11-15. The circuit is shown schemati- 
cally in Fig. 11-16. Measured amplifier power gains at 400 mc/s for the 
insulated-gate field-effect transistors designed for uhf operation range 
from 8.5-10 db. The transistor power gain is greater than this by 1.25 db 
due to insertion and output circuit losses of 0.5 and 0.75 db, respectively. 
The measured noise figures are 4 to 5 db. 
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Figure 11-15. Construction of 400 mc/s amplifier using 
strip lines. 
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-Vg +Vq 


Figure 11-16. Schematic circuit diagram of 400-cm/s 
amplifier. 


At uhf, lumped-constant circuits of conventional design are inefficient. 
Tuned circuits are still necessary, and the following three fundamental 
conditions are still required: 


1. The interstage network should provide a good match for the terminal 
impedance of the transistor. 


2. The interstage networks should have low losses. 


3. The circuit configuration should provide adequate stability through mis- 
match or neutralization if it is otherwise unstable. 


Although lumped-constant circuits can probably be used up to 600 
mc/s, tank circuits designed with bar and strip stock in conjunction with 


L=5 TURNS No. 20 WIRE = DIA 


-Vg 


Figure 11-17. Test circuit for 200-mc/s operation of uhf field-effect 
transistor. L = 5 turns No. 20 wire # in. diameter. 
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uhf capacitors provide circuit repeatability, low losses, and high unloaded 
Q’s. 

The uhf transistor tested at 200 mc/s in the circuit shown in Fig. 11-17 
produced measured power gains of 16-18 db and a noise figure of 3.5 db. 
The circuit bandwidth was 6 mc/s, and the generator impedance was 50 
ohms. 


11-5 CROSS-MODULATION AND MODULATION 
DISTORTION IN FIELD-EFFECT TRANSISTORS 


Cross-modulation is the transfer of modulation from an undesired radio- 
frequency signal, sometimes referred to as the undesired carrier, to a 
desired radio-frequency signal or carrier. This results in the undesired 
station or channel being heard on the desired station to which a radio 
receiver is tuned. Modulation distortion is the production of harmonics 
of the modulation of the desired carrier. 

Both cross-modulation and modulation distortion are caused by the 
odd terms of the series expansion for the output current in terms of the 
input voltage. Thus, cross-modulation and modulation distortion can 
-be described by the nonlinearities of the forward transadmittance of the 
device. They can also be related by the equation:® 


Be See ey (11-31) 


where: D, = modulation distortion of desired signal; 
K =cross-modulation factor; 
V, = voltage amplitude of desired carrier at input; 
V, = voltage amplitude of undesired carrier at input; and 
m = modulation of desired carrier. 


At maximum gain, the cross-modulation and modulation distortion 
of the field-effect transistor is superior to conventional transistor and tube 
performance. With reverse-bias AGC, the g,, characteristic is sharp and 
the cross-modulation is comparable to that of sharp cutoff tubes. With 
forward-bias AGC, the g,, characteristic is remote and the cross-modula- 
tion and modulation distortion are comparable to that of tubes; but load- 
ing of the output tuned circuit is necessary to obtain a 45-50 db AGC 
range. 

Cross-modulation is measured as shown in Fig. 11-18. The input of 
the transistor amplifier under test is broadband with a 50-ohm source. 
A tuned circuit with typical loading for a practical amplifier is used in the 
output. The undesired signal frequency is chosen to be far enough away 
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Figure 11-18. Circuit arrangement for the measurement of cross- 
modulation 


from the desired signal frequency so that system selectivity prevents 
cross-modulation in the sensitive receiver following the transistor 
amplifier. 

When comparing devices for cross-modulation, it is desirable to 
compare the devices in comparable systems. Unfortunately, the inter- 
fering signal voltage measured for a device is only part of the information 
required to compare system behavior. The other information needed is 
the input resistance of the device and the source that will be driving it. 
An approach to a system comparison can be made by converting to 
power. Thus: 

2 


is 


: See V. 
interfering signal power = R (11-32) 


where V;,, is the voltage (at the input of the device) that causes 1% cross- 
modulation; and where: 


= R.Rin 
os R,+Rin 


R, is the source resistance and Rj, is the input resistance of the device. 
As the input resistance for both the transistor and tube increases with 
increased gain control, at some gain-control point, R approaches R,. 
The 1% cross-modulation vs. gain control is shown in Fig. 11-19 
for a vacuum tube (6CW4), a silicon planar transistor, and a uhf field- 
effect transistor at 216 mc/s. The better performance of the insulated-gate 
field-effect transistor is evident. 


SEc. 11-5 HIGH-FREQUENCY LINEAR CIRCUITS 311 


SILICON PLANAR VHF AMPLIFIER FORWARD AGC 
6CW4 NUVISTOR REVERSE AGC 
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Figure 11-19. Comparison of the cross-modulation performance of an insulated-gate 
transistor, a bipolar transistor, and a vacuum tube. 
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Applications of Field-Effect 
Transistors in Digital Circuits 


A. Karl Rapp 


12-1 THE FIELD-EFFECT TRANSISTOR AS A SWITCH 


Electronic switches can only approximate the binary behavior of mechani- 
cal switches. While a mechanical switch is either open or closed, inde- 
pendent of the configuration of the circuit it controls, an electronic 
switch has a range of intermediate resistance values between its “open” 
and “‘closed’’ states. An electronic switch is, in fact, an active device, 
an amplifier, with significant gain nonlinearities in some region of its 
operating characteristics. It is the nature of these nonlinearities, in 
conjunction with the parameters of the controlled circuit, which deter- 
mines performance. 

A convenient tool for displaying the nonlinear gain of an electronic 
switch is the transfer-function curve. Because a field-effect-transistor 
switch, like a vacuum-tube switch, is voltage controlled, its behavior 
is best described by a plot of output voltage versus input voltage. Figure 
12-1 illustrates a basic switch circuit and a typical voltage-transfer 
curve. The low-frequency, dynamic gain of the circuit for any selected 
input voltage is equal to the slope of the transfer curve at that voltage. 
At higher frequencies, the effective load impedance decreases, thereby 
decreasing the voltage gain. The two low-gain portions of the curve 
correspond to the binary states of the switch. Changes in input voltage 
over these portions produce relatively little change in output voltage. 

312 
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The more closely the actual transfer curve approximates the ideal dashed 
curve in Fig. 12-1b, the more insensitive is the output voltage to spurious 
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Figure 12-1. Basic field-effect 
transistor switch. (a) Circuit 
diagram. (b) Typical voltage- 
transfer curve. Dashed line 
portrays ideal curve. 


(noise) voltages or to parameter variations. Circuit stability is more 
fully discussed in Section 12-3, in which methods are developed for 
designing digital circuits. 

The transient behavior of a field-effect transistor switch depends 
both on the nonlinearity of the transistor conduction characteristic and 
on the values of the circuit elements. Circuit capacitance plays a par- 
ticularly important role. The analysis in Section 12-4 indicates that the 
time required for switching increases with increasing circuit capacitance. 
Switching time is approximately inversely proportional to the voltage 
level and to the transistor parameter, 8. For complementary-transistor 
switches (described later), these approximations become almost exact. 

The transistor parameter, 8B, is one of the several parameters of 
field-effect transistors which are important for both the design and 
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analysis of digital circuits. The basic current-voltage relation of the 
insulated-gate field-effect transistor given in Eq. (5-2) may be written: 


la=B {(—V a i } (2-1 


to define a transistor parameter, 8, as: 


B= a (12-2) 


where the pinch-off voltage, V,, and the channel width, w, have been 
inserted in Eq. (5-2). As Vq approaches zero, it is seen that B(V, — V,,) 
represents the conductance of the channel as controlled by the field- 
effect mechanism. (See Chapter 2.) Relating B to the device physics, 
we see that it is the ratio of the field-effect conductance of the channel to 
the field-effect voltage (in the absence of drain voltage effects). It will be 
referred to as the field-effect conductance-to-voltage ratio. 8 is particular- 
ly useful for describing transistor behavior in large-signal circuits. 

8 used in this chapter is based on the integrated channel conductance 
of the transistor. In Chapter 6, 8, was based on the surface or sheet 
conductivity (the conductance of a unit square) of the channel. In both 
cases the dimensions are mhos/Vvolt. 

Other transistor parameters are shown in Fig. 12-2 which reviews 
the mathematical model derived in Chapter 5. The illustrated characteris- 
tics and equations portray an n-channel enhancement transistor. This 
chapter will assume n-type transistors unless otherwise indicated. 
Referring to Fig. 12-2, the drain leakage current, J,,,, cannot be con- 
trolled by the gate voltage; it is produced by leakage paths in parallel 
with the channel. Its magnitude is typically in the nanoampere range. 
True channel current begins only as the gate voltage is increased beyond 
the channel pinch-off voltage, V,. For a fixed gate voltage, V,, the drain 
current, 7g, increases along an inverted parabola with drain voltage, 
V,, until V;= V, — V,. Beyond that voltage, the drain current saturates. 
The slope, G,, at the origin of a constant-gate-voltage characteristic 
is a convenient approximation to the conductance of the transistor at 
small drain voltages. The validity of the mathematical model may be 
judged from Fig. 12-3, which presents a family of theoretical drain 
characteristics superimposed on a photograph of actual characteristics. 

The electrical characteristics illustrated in Figs. 12-2 and 12-3 are 
those of enhancement transistors which are more useful in digital cir- 
cuits than are the depletion type. Enhancement transistors permit the 
direct coupling of circuit stages without the necessity for voltage-level- 
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shifting networks. Because of their superior properties for digital applica- 
tions, enhancement transistors are discussed in this chapter. Except for 
special applications, such as nonlinear load resistors, depletion transis- 
tors will not be considered. Junction-gate field-effect transistors are 
inherently depletion devices and will not be discussed. Descriptions of 
digital applications will be limited to insulated-gate devices. 
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Figure 12-2. Theoretical electrical characteristics of an 
n-channel enhancement transistor. (a) Drain current vs. 
gate voltage for V, = V, — V,. (b) Drain current vs. drain 
voltage for constant values of gate voltage. 


Improved switch performance can be obtained with the use of non- 
linear load resistors whose resistance increases with increasing current. 
Depletion transistors offer a convenient means for attaining this desired 
nonlinear characteristic. By connecting together the gate and source 
of a depletion transistor, we obtain the conduction characteristic of Fig. 
12-—4a. When this device is used as a load element, the load line shown 
in Fig. 12-4b results. One advantage of such a nonlinear load element 
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Figure 12-3. Theoretical drain characteristics 
superimposed on a photograph of the actual 
characteristics. V, = 2.4v; 8 = 1.2 x 10-* mhos/v. 


over a resistor (dashed load line) is more equal “‘turn-on”’ and “turn-off” 
times of the switch. Other advantages are an improved voltage-transfer 
characteristic and greater circuit stability produced by the nonlinear 
load line. The voltage-transfer characteristic for the depletion-transistor 
load line of Fig. 12—4b is plotted in Fig. 12-5. 

The load-current level, J,, in Fig. 12-4 is fixed by the load-transistor 
properties and normally is not controllable. If, however, the load element 
is a transistor of the opposite conduction type, its gate-to-source voltage 
can independently be controlled, as indicated in Fig. 12-6a. 

If transistors of both polarity types are available, a much more power- 
ful configuration, the complementary-symmetry circuit, becomes possible. ! 
This configuration, which, for brevity, is called the complementary 
circuit, is illustrated in Fig. 12-6b. It utilizes the input voltage, V,, not 
only to control the lower transistor, Q,, but also to control the upper 
transistor, Q,. Both transistors in the complementary circuit are enhance- 
ment type. When V, has a large positive value, say Vqg, n-channel 
transistor Q, is biased to a high-conductance state; p-channel transistor 
Q. then has zero gate-to-source bias and is cut off. For V,= Vag, the 
output voltage V,, is equal to zero (neglecting leakage current through Q,). 
On the other hand, if V, is brought to zero, 0, becomes cut off; p-channel 
transistor Q, has a large negative gate-to-source voltage and a high con- 
ductance. The output voltage for this condition is equal to supply voltage 
Vag (again neglecting leakage current in the cut-off transistor). While 
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Figure 12-4. (a) Drain characteristic of 
a depletion transistor with zero gate- 
source voltage. (b) Depletion-transistor 
load-line on drain characteristics of an 
enhancement transistor. 


most electronic switches function approximately as single-pole, single- 
throw switches (Fig. 12-7a), the complementary circuit provides single- 
pole, double-throw switching action (Fig. 12-7b). The effective load line 
resulting from the simultaneous changes in conductance which occur as 
V, takes on intermediate values is shown in Fig. 12-8. A remarkable 
property of the complementary switch can now be seen. In either its “‘on” 
or “off’’ state, indicated in the figure as A and B, respectively, the switch 
conducts only leakage currents and dissipates very little power. This 
small static power dissipation does not change if the switch is used to 
control other insulated-gate stages, because they draw no average gate 
current. During switching transients, however, larger currents flow to 
charge and discharge circuit capacitance, thus producing dissipation. At 
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high switching rates, the average dissipation can become appreciable. 
Power dissipation is discussed in Section 12-5. 
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CIRCUIT 
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DEPLETION— 
TRANSISTOR LOAD 
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Figure 12-5. Typical voltage-transfer 
curves for a depletion-transistor load 
and the complementary circuit. 


Other advantages of the complementary circuit result from its sym- 
metry, i.e., the dual role of control unit and load element played by each 
transistor. Because of this symmetry, almost equal “turn-on” and 


(a) (b) 


Figure 12-6. (a) Load consisting of a com- 
plementary-polarity transistor with an 
adjustable but constant bias. (b) Comple- 
mentary-symmetry circuit. 


“turn-off” switching times are obtained. For complementary transistors 
with similar characteristics of opposite polarity, exactly equal times 
result. Because of symmetry, the circuit stability of the complementary- 
transistor switch can greatly exceed that of the linear and depletion- 
transistor-loaded switches, as the symmetrical (dashed) transfer 
characteristic in Fig. 12-5 indicates. Less ideal characteristics for the 
complementary circuit result when unmatched p- and n-type units are 
used, or when parallel and series transistor connections are employed in 
logic circuits. This subject is discussed in Section 12-3. 
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Figure 12-7. Mechanical- 
switch analogs of electronic 
switches. (a) Passive load 
element (single-pole, single- 
throw switch). (b) Active 
load element, complementary 
circuit (single-pole, double- 
throw switch). 


12-2 LOGIC CIRCUITS USING FIELD-EFFECT 
TRANSISTORS 


In several ways, field-effect transistors lack some of the advantages of 
bipolar transistors for logic circuits when passive load elements are used. 
The saturation voltage, i.e., the voltage drop across a transistor biased 
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Figure 12-8. Effective load line for 
complementary circuit: the locus of 
the intersections of the drain char- 
acteristics of the n- and p-channel 
transistors, as gate voltage is varied. 
Points A and B correspond to 
V, = Vag and V, = 0, respectively. 
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into conduction, typically is an order of magnitude smaller for bipolar 
transistor circuits. Thus, the ratio of“ off’’-to-‘on” output voltage may be 
five times greater for the bipolar transistor despite a smaller supply 
voltage. Also, the maximum switching speed of bipolar transistor circuits 
is about an order of magnitude greater than that of unipolar transistor 
circuits. However, field-effect transistors (and in particular, the insulated- 
gate transistor) contribute to logic circuits (1) general simplicity, and (2) 
the complementary circuit with all its concomitant advantages. 

Simplicity results from the capability of field-effect transistor switches 
to be direct coupled. Such circuits, unlike direct-coupled bipolar tran- 
sistor circuits, produce large voltage swings and are capable of almost 
infinite fan-out; i.e., one stage can drive an indefinite number of stages in 
parallel. The uneven distribution of driving current to paralleled bipolar 
transistor stages, has no counterpart in the voltage-controlled field-effect 
transistor circuit. The extremely high gate-input resistance of the driven 
stages presents essentially no static load to the driving stage. Although 
d-c conditions impose essentially no limitation on fan-out in field-effect 
transistor switches, transient requirements do restrict fan-out. Because 
the switching time of a stage is essentially proportional to the capacitance 
it must drive (see Section 12-4), fan-out and switching time can be inter- 
changed. The simplicity of direct-coupled field-effect transistor logic 
circuits makes them particularly attractive for integrated structures 
(Section 12-6). 

Complementary field-effect transistor circuits add other significant 
merits to the simplicity of direct coupling. These include the high circuit 
stability and low power dissipation already described in Section 12-1. 
In addition, the extremely low saturation voltage of complementary 
circuits (typically less than one millivolt)+ gives rise to very large ratios of 
“ off’-to-‘on’’ output voltage. 


1. Logic circuits with passive load elements 


The simple field-effect transistor switch forms the most fundamental 
logic circuit, the inverter. The logical complement of the voltage at the 
input terminal of the switch appears at the output terminal. As with most 
digital devices, the inverter serves as the basis for the composite circuit 
structures which provide the basic operations of data storage and of 
performing logical AND and OR. 

Two cross-coupled inverter stages become a bistable circuit or flip- 
flop (Fig. 12-9a). The connection of several transistors in parallel, as in 
Fig. 12-9b, produces a logical gate circuit whose output voltage is low if 


+The quotient of the drain leakage current of the “off” transistor, typically a fraction of 
a microampere, and the conductance of the “‘on’’ transistor, typically 10-3 mhos. 
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the voltage at one or more input terminals is high. Series-connected 
transistors as in Fig. 12-9c, on the other hand, produce a gate circuit 
whose output voltage is low only if all input voltages are high. 


(c) 


Figure 12-9. Basic logic circuits. (a) Flip-flop. (b) Parallel gate. 
(c) Series gate. 


If logical ONE is defined to correspond to the high voltage level and 
logical ZERO to the low voltage level, then the circuit of Fig. 12-9b 
forms a NOR (NOT-OR) gate. The presence of a ONE signal at A, B, or 
any input terminal results in an inverted ONE (i.e., ZERO) at the output 
terminal P. The corresponding Boolean algebra equation is: 


P=A+B+C+-:--+M (12-3) 


where the bar superscript is used to denote logical inversion. Similarly, 
the circuit of Fig. 12-9c constitutes a NAND (NOT-AND) gate. ONE 
signals must be present at all input terminals to produce a NOT-ONE 
(i.e., ZERO) at the output S. The Boolean equation under these conditions 
is: 


S=A-B-C:--N (12-4) 
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Alternatively, logical ONE could be defined to correspond to the low 
voltage level and ZERO to the high level. The roles of the parallel and 
series-gate circuits are then interchanged, i.e., Fig. 12-9b represents a 
NAND gate, and Fig. 12-9c a NOR gate. This alternative logical system 
can have particular utility for complementary-transistor gates under some 
circumstances, as Section 12-3 indicates. 

These basic circuit configurations can be combined to form more 
complex logic structures such as the shift-register stage of Fig. 12-10. 


Vdd 


Figure 12-10. Shift-register stage, A and A are 
data inputs. C and D are data outputs. @ is the 
clock pulse. 


In this circuit, data inputs A and A from the preceding stage affect the 
state of the illustrated stage only during the presence of clock pulse, @. 
For logical ONE defined as the high voltage level, the Boolean equations 
for the circuit of Fig. 12-10 are: 


(12-5) | 


D+ Ad 
D=C+Aéd 


2. Complementary-transistor logic circuits 


The use of complementary-transistor load elements does not alter the 
basic form of the inverter or flip-flop circuits. In forming logic gates of 
complementary transistors, care must be taken that the output voltage 
always is unambiguously determined. If several n-channel transistors are 
connected in parallel, in general it is necessary that an equal number of 
p-channel transistors be connected in series, with the gates of the two 
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types of units connected together in pairs. Thus, in Fig. 12—11a, if any 
input signal (say A) is high, then the output is forced to be low. (Tran- 
sistor Q,, is turned ‘“‘on”’ and transistor Q,, is turned “off’’.) This circuit 


(b) ie 


Figure 12-11. Composite complemen- 
tary circuits. Under all static conditions, 
either the series portion or the parallel 
portion, but not both, are turned on. 


configuration precludes the possibility of situations where the p- and 
n-portions of the circuit both are either ‘“‘on’”’ or “off’’. The output voltage 
in the latter situation would be dictated by the relative gains or relative 
leakage currents of the two transistor types and would lose all logical 
significance. 
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Figure 12-1la is analogous to the parallel-transistor circuit in Fig. 
12-9b. Similarly, the series transistor circuit of Fig. 12—9c leads to the 
analogous complementary circuit in Fig. 12-11b. Neither of the dual 
complementary circuits is uniquely a parallel or series circuit; however, 
the first definition of logic levels will be assumed for the remainder of the 
chapter, except where the alternative definition is explicitly introduced. 
The circuits in Figs. 12-9b and 12-11a will be called NOR gates; those 
in Figs. 12—9c and 12-11b will be called NAND gates. 


12-3 DIGITAL CIRCUIT DESIGN 


1. General considerations 


The simplicity of direct-coupled field-effect transistor circuits, 
although generally advantageous, imposes some restriction on design 
flexibility. At most, two circuit parameters are available: supply voltage, 
V 7 and load resistance, R, (or load characteristic if a nonlinear load 
element is used). For the complementary circuit, these reduce to supply 
voltage alone. Fortunately, one of the device parameters, the pinch-off 
voltage, lends itself to design for specific circuit performance. Other 
device parameters such as 8, J, breakdown voltages, and terminal capaci- 
tances enter into design equations only as independent, performance 
limiting variables. 

The design of circuits employing field-effect transistors or any other 
device invariably entails compromise. In digital circuits, the performance 
specifications involve circuit stability, noise immunity, speed, and power 
consumption. In this section, d-c criteria imposed by stability and noise- 
immunity requirements are examined. The following sections deal with 
factors that affect circuit speed and power dissipation. 


2. The voltage-transfer curve 


A rapid indication of circuit stability and noise immunity can be 
obtained from a voltage-transfer curve as in Fig. 12-1b. By super- 
imposing the transfer curve of an inverter and its image reflected about 
the line Vu: = Vin, one can evaluate the effect of cascading inverter stages. 
This construction for the curve of Fig. 12—1b is shown in Fig. 12-12. 

The transfer curve and its image intersect at three points. Points 4 
and B are the two stable voltage states that inverters assume in a long 
chain of cascaded stages. Point C corresponds to unity static gain. 
A voltage, V°, applied to the gate of the first stage theoretically forces 
each drain and gate to assume this same voltage. Dynamic gain, indicated 
by the slope of the transfer curve, usually is highest in the vicinity of point 
C. For a voltage other than V? applied to the gate of the first stage, the 
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nonlinear gain of the inverters forces alternate stages to take on voltages 
which progressively diverge.? After a few stages, the voltages at points 
A and B are reached and maintained thereafter. The transfer-curve pair 
reveals this behavior quite conveniently, since each curve corresponds to 
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Figure 12-12. (a) Cascaded direct-coupled stages. (b) Corre- 
sponding pair of voltage-transfer curves, where the output 
of the first stage constitutes the input to the second stage. 


one of the two sets of alternate stages of a cascade. In Fig. 12-13, for 
example, an input voltage V, < V2 follows the indicated succession of 
voltages in successive stages, finally reaching a value V, (point A) at even- 
numbered drains and a value V4, (point B) at odd-numbered drains. An 
input voltage K, > V° follows the second progression indicated, ending 
in opposite voltage states. Since this behavior occurs for an applied 
voltage different from V2 by an arbitrarily small amount, it is evident that 
the voltage V? can be propagated only in an ideal chain in which all 
components are perfectly matched and noise is completely absent. 

The application of the transfer-curve pair to flip-flop stability follows 
directly from the preceding discussion. By connecting the second drain 
to the first gate in Fig. 12-12a, we obtain a flip-flop. Points A and B 
are points of stable equilibrium, and point C is a point of unstable equili- 
brium. A qualitative measure of the stability and recovery time of the 
flip-flop to disturbances which momentarily unbalance it may be obtained 
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by considering the number of regenerative cycles required for recovery. 
The fewer voltage progressions of the type illustrated in Fig. 12-13 
required, the more stable is the circuit. 
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Vs Va Vp Vodd 
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Figure 12-13. Examples of voltage progressions 
propagating down a chain of inverter stages. Two 
progressions are indicated, one starting from V,gg= 
V,,and one starting from Vga = Vo. 


Noise voltages which disturb the state point of the flip-flop and drive 
it beyond V° cause the circuit to change state. For maximum immunity 
to either polarity noise, the steep-slope transition region of the transfer 
curve at V® should be centered between the input voltages which corre- 
spond to points A and B. The circuit becomes more stable and immune 
to noise as the transfer curve approaches the ideal dashed curve of Fig. 
12-lb. The requirement that V3 be centered offers a convenient approach 
to the design of high-noise-immunity circuits. 

CIRCUITS WITH LINEAR RESISTOR LOAD. The necessary conditions to 
assure equal immunity to noise voltages of both polarities are indicated 
in Fig. 12-14. The critical point C, where the output voltage, Vz, 
equals the input voltage, V2, must always lie in the saturation region 
of the drain-current characteristics since Vg > V,—V,. From Fig. 12-2, 
the drain-current equation for this region is: 


1a= 8, —V P+ Ha (12-6) 
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The simultaneous solution of Eq. (12-6) with the equation for the load 
line and the introduction of the condition V;=V,= V2 results in the 
following implicit equation for V°. 


y (vg — vp’ = 201 — 09) (12-7) 


where: 


The effect of the leakage current, J,,,, has been absorbed in the definition 
of a modified supply voltage, V 44. The use of lower-case letters to desig- 
nate voltages which have been normalized to the supply voltage is used 
throughout this chapter. 


Va= Vq-Vp 
Tg 


A 


Figure 12-14. Condition for equal immunity to noise voltages of both polari- 
ties. V? lies midway between V, and Vq; i.e., At = Am. 


Centering of the transfer curve requires knowledge of the saturation 
voltage, V,. For reliable circuit operation, this voltage is restricted to 
the region V; < V,—V,. Hence, from Fig. 12-2, the pertinent drain 
current equation is: 


V3; 
i pu(%— i z) aed (12-8) 
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where V,, must be set equal to Vag. Solving Eq. (12-8) simultaneously 
with the load-line equation, and introducing the balanced-noise-immunity 
requirement A+ = A~ (Fig. 12-14), we obtain a second implicit equation 
for V°. 


yl — 20°)? + 2(y — yop + DCU — 207) +2=0 (12-9) 


The quantities defined in Eq. (12-7) also have been introduced into Eq. 
(12-9). The gate voltage, v?, can be eliminated between Eqs. (12-7) 
and (12-9), leading to the useful design curve of Fig. 12-15a. 

Acceptable values for the normalized pinch-off voltage, v,, are indica- 
ted in Fig. 12-15a as lying in the range 0.227 < v, < 0.500. These limits 
are established by the general requirement V, < V,, i.e., a conducting 
inverter must be capable of holding off a following stage. The upper limit 
is set by the requirement that V, be kept out of the current-saturation 
portion of the drain characteristics: Vy < Vg—V,, or Vs; < Via — Vy. 
Introducing the limiting value for the saturation voltage V;= Vp, Vp < 
Vig Vp OF Up <4. The lower limit is introduced by the balanced-noise- 
immunity restriction. This becomes clear if one plots v? and v, as a func- 
tion of v, (Fig. 12-15b). To meet the condition v, < vp, vp, must be 
greater than 0.227. 
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Figure 12-15. Designcurves for resistor-loaded inverters with equal immunity 
to positive and negative noise voltage, 6. (a) y vs. normalized pinch-off voltage 
Vp; (bd) v2 and v, VS. vp. 
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Figure 12-15 constitutes a convenient set of design curves. Given 
the V, of a transistor, one can select a value for the effective supply 
voltage, Vig; and thus determine v,. From Fig. 12-15a, the proper 
value for y=BR Vig can be found. Knowledge of the field-effect 
conductance-to-voltage ratio, B, then enables calculation of the load 
resistance, R,;. We find the correct value for the actual supply voltage, 
Vaa, by augmenting Vjq by Ia,R,. The normalized noise immunity 
6 = 6* = 8 corresponding to the design can be read from Fig. 12-15b. 

The normalized signal swing, i.e., the change in voltage as the in- 
verter switches between its ‘‘on” and “‘off’’ states, is equal to 28. Figure 
12—15b reveals that the supply voltage is more fully utilized with higher 
values of v,. Higher values of v, also produce transfer curves which more 
closely approach the ideal, as indicated by the several examples in Fig. 
12-16. In general, for inverters with linear-resistor loads, stability 
and noise immunity improve with increasing vp. The use of supply 
voltages not much greater than twice the transistor pinch-off voltage 
V, is suggested.+ Large values of v,, however, lead to very large load- 
resistance values. It is shown in Section 12-4 that high load resistances 
produce long turn-off time constants. Fast switching speed dictates selec- 
tion of the highest supply voltage that the transistor can withstand. Thus, 
compromise is required. 

COMPLEMENTARY-TRANSISTOR CIRCUITS. Gibson? has pointed out 
the ease of sketching the transfer curve for complementary circuits. 
The salient points are illustrated in Fig. 12-17. The arcs which join the 
linear segments are sections of rotated parabolas, and the slope of the 
transfer curve is continuous where these sections meet. 

The gate voltage, v?, which produces an equal output voltage, 
v4» can readily be found for the complementary circuit. Figure 12-17 
reveals that the drain characteristics for the n- and p-channel transistors ¢ 
both lie in the current saturation region at v, = v2, ie., v?+ Vey Ue 
> VG — Vpn. AS Vg Moves through this range, these drain characteristics 
very rapidly cross each other, the one rising as the other falls. (See Fig. 
12-8.) Thus the pertinent equations are: 


a= 2yv,— — Von)? + Laun = OV aa = Vg Vig el ae (12-10) 


tThis choice for Vzg maximizes the normalized noise immunity. The circuit then is 
highly tolerant of noise generated within the digital system, where the maximum voltage 
is Vag. If the circuit is to function in high external noise ambients, higher values for the 
supply voltage may be advisable. 

+The additional subscript p is used to denote a parameter of a p-channel transistor, and 
n denotes a parameter of an n-channel transistor. The pinch-off voltages, V, gong Von, are 
assumed to be positive quantities. 


Va (b) 


Vs 
Vs Vg | 
| 
Va (c) 
Vs 
Vs Vg I 


Figure 12-16. Effect of v, on the shape of the voltage- 


transfer curves, when 5+ = 8. (a) vp = 0.41, y = 100; (b) vp = 
0.32, y = 20; (c) vp = 0.227, y = 6. 
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Neglecting leakage currents, we can solve Eq. (12-10) for the normalized 
gate voltage v,= v?: 


yp? a Lent Br? — vpn) (12-11) 
in Cs a 


where B, = B,/8,. Equation (12-11) is valid if vp, < vg and vpp < 1 — v®. 


Figure 12-17. Sketch of voltage-transfer char- 
acteristic for a complementary circuit. 


The design requirement for centering the transfer curve is easily found 
since the normalized signal swing of a complementary-transistor inverter 
always is equal to one (neglecting the effect of leakage currents). Setting 
vg =z in Eq. (12~11), we find that the pinch-off voltages of the n-type, 
and p-type transistors must satisfy the relationship plotted in Fig. 12-18. 
So long as this relationship is satisfied, the noise immunity 6+ = §- = 4. 

If the p- and n-type transistors have equal pinch-off voltages 
(Vion = Vop = V,) and field-effect conductance-to-voltage ratios (8, = B,), 
then the ideal transfer curve is achieved with Vq = 2V,, L.e., for vp = 4 
(Fig. 12-19a). For normalized pinch-off voltages greater than 3, ideally 
abrupt, but translated transfer curves result. These curves exhibit hystere- 
sis as Fig. 12~19b illustrates. Throughout the gate voltage range (1 — Upp) 
< Ug < Up,, neither transistor conducts. The charged drain capacitance, 
however, maintains the drain voltage. 
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Figure 12-18. Necessary relationship between normalized 
pinch-off voltages v,, and v,, to ensure equal noise immunity 
(8+ = 5-). The relative field-effect conductance-to-voltage ratio 
B, = Bp/Bn appears as a parameter. 


3. Leakage currents and circuit design 


Drain leakage currents typically lie in the nanoampere range and need 
not be considered a first-order design variable. Leakage currents can 
assume a more fundamental role in worst-case designs. Integrated cir- 
cuit designs must often be made more tolerant to accommodate the inevi- 
table variation in parameters. Leakage current also establishes the 
lower limit to permissible voltage-supply values in very-low-power 
circuits. 

Leakage currents affect the design of many-element, mixed combina- 
tional gates, which are circuits formed of series-parallel combinations of 
transistors, such as each half of the shift-register stage in Fig. 12-10. 
Although independent load-resistor values can be selected for individual 
NOR and NAND gates to satisfy their individual stability requirements, 
a single value must be selected to simultaneously satisfy both the parallel 
and series portions of mixed gates. In analyzing mixed gates, it is con- 
venient first to consider separately the restrictions imposed by these 
two portions, then to consider their composite effect. 
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Figure 12-19. Special-case voltage-transfer 
curves. (8) Upp = Vpn = 43 (b) Upp > 4, Vpn > 2. 


4. Mixed gates with linear resistor load 


NOR (PARALLEL) GATE CRITERION. For a fixed supply voltage, the 
maximum number of transistors which may be connected in parallel to 
form a NOR gate (Fig. 12—9b) is limited by the transistor leakage current. 
It is convenient to introduce a circuit-design parameter, k, which is the 
fraction of the supply voltage appearing at the output in the presence of 
leakage current. To ensure that the output voltage of the nonconducting 
gate will be at least equal to kKVzq when M parallel transistors each 
contribute a leakage current, /,,, the load resistance must satisfy the 
condition: 
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Subscript p denotes a restriction imposed by the parallel circuit. The 
most difficult condition which a conducting parallel gate must meet occurs 
when only one transistor conducts. This condition may be considered 
a special case of the criterion for the following series-connected gate. 

NAND (SERIES) GATE CRITERION. Appreciable current can flow 
in the series circuit, Fig. 12-9c, only if all gate potentials are made 
positive. The composite conduction characteristic of the series circuit 
when all gates are at the same potential can readily be derived. The series 
connection effectively produces a transistor with N times the channel 
length of an individual transistor, neglecting parasitic series resistance. 
Since the transistor field-effect conductance-to-voltage ratio, B, is in- 
versely proportional to channel length, the effective ratio of the composite 
structure is B/N.+ 

When the N gate terminals of Fig. 12-9c are raised to the potential 
kVaa, the output voltage must become sufficiently small to hold off a 
following stage. Inserting the condition which marginally meets this re- 
quirement, V,=V,, into the drain current equation, Eq. (12-8), we 
obtain, for V, = kV qq:t 


Ig= EY WV a —3V,), Vag = 2V_ (12-13) 


The effective field-effect conductance-to-voltage ratio, B/N, has been 
introduced, and the leakage-current term has been considered negligible 
compared with the conduction current. Combining Eq. (12-13) with the 


+The critical reader may prefer a mathematical proof. Applying the drain-current equa- 
tion (Eq. 12-8) to each of two series transistors with equal external gate voltages, we can 
derive the equation for the combination and show that it has the same form as Eq. 12-8. 
However, the effective Bof the combination is: 


_ Bi Be 
Pea B+ Bs 


where £, and £, are the individual field-effect conductance-to-voltage ratios. For B; = 8, = B, 
the effective ratio becomes f/2. If three identical transistors are connected in series, two of 
them have a combined ratio of 8/2. Thus, 8, = 8/2, B. = B, and the effective over-all ratio 
is Ber: = 8/3. Generalizing, if 8, = B/(N — 1) and B, = B, the effective field-effect conduct- 
ance-to-voltage ratio becomes B/N. 


tNo solution for Vg > V,—V~, is considered since this condition corresponds to the 
current saturation region. Although it is possible to design a family of circuits with both 
stable points confined to this region, it is better to restrict the ‘‘on’’-current point to smaller 
drain voltages. The “‘on’’-current point, then, is much less sensitive to fluctuations in gate 
voltage. In addition, the total power dissipation and particularly the transistor power 
dissipation are kept smaller for a given value of Vag. This restriction of the stable “on”- 
current point imposes the relationship kV 4g = 2V,, as Eq. (12-13) indicates. 
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load-line relationship and introducing an inequality sign to indicate the 
stable region for R,, we obtain: 


N (Vaa ie V >) 
B Vk Vaa ~~ $V)’ 


Ris = 


kVaa = 2V, (12-14) 


Subscript s denotes a restriction imposed by the series circuit. 

COMPOSITE-GATE CRITERION. Equations (12-12) and (12-14) together 
define the range of values for R,, which will permit the indefinite cascading 
of composite gate circuits without progressive amplitude attenuation. 
The specific choice of R, within that range may be dictated by other 
design criteria. Among these are circuit speed, power consumption, and 
stability margin. Lower resistance values provide higher circuit speed 
(Section 12-4). Higher values reduce power dissipation (Section 12-5). 
Intermediate values provide higher circuit stability. 

A measure of circuit stability is the decrease in supply voltage which 
can be tolerated before circuit instability is reached. Figure 12-20 illus- 
trates a typical decrease in the permissible range for R, as the supply 


Figure 12-20. Decrease in the permissible range for R, (cross- 
hatched area) as the supply voltage is decreased. Solutions exist 
only fork = 2(V,/Vaa). 


voltage is decreased. The curves are sketches of Eqs. (12-12) and 
(12-14), where R, is drawn as a function of the circuit-design parameter 
k, and all transistor parameters are held constant. As the supply voltage 
is decreased from V4, to Vgq,, the cross-hatched permissible-design area 
decreases, reducing the design range for R, from AR,, to AR,,. The 
reduction in the R, design range does not generally progress uniformly for 
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high and low values of resistance. Hence, the optimum value of R, for 
stability does not lie in the center of the design range. 

DESIGN FOR MAXIMUM STABILITY. An optimum value for R; can be 
found. It corresponds to the limiting resistance as the cross-hatched area 
in Fig. 12-20 shrinks to zero, i.e., as the two curves become tangent. 
Circuit stability is then maintained over the widest possible range of Vaq. 
To find the optimum load resistance, R*, and its associated optimum 
circuit-design parameter, k*, we equate the resistances R,, and R,, [Eq. 
(12-12) and (12-14)] and solve the resulting expression for k. The quad- 
ratic expression obtained indicates that the requirement: 


L6MNI (Va Vv) — 

a TP = | (12-15) 
BV (2V aa —3 Vy 

must be satisfied for any stable design to be possible, i.e., for intersection 

of the R,, and R,, curves to occur. Expression (12-15) exists as an 

equality when the curves intersect in only one place and are tangent. The 

corresponding value for k is: 


Wat 3V > 
* — —_ 12-16 
k Wa (12-16) 


This optimum value for k and the minimum supply voltage which satisfies 
Eq. (12-15) can be substituted into either Eq. (12-12) or (12-14) to 
obtain: 


N BVEZ \e 
Repro) | ain 


The supply voltage producing marginal stability can then be put into the 
form: 


(Vad) oi, = Ml auRi + Vo (12-18) 


Equation (12-16) denotes the fractional reduction in output voltage due 
to leakage current only when Vag = (Vaa) min LEG. (12-18) ]. For selection 
of the supply voltage to be used, (Vqq),,;, Must be increased by the desired 
marginal-stability voltage. The effective value for k, then, is closer to 
unity. Equation (12-16) and the inequality condition of Eq. (12-13) 
impose an upper limit on the values of V, which permit realization 
of RF : 


Vn <= Waa (12-19) 
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Additional design flexibility becomes possible if the transistor pinch- 
off voltage can be independently selected, or, as in the MOS transistor, 
adjusted by application of substrate bias. (See Chapter 5.) An optimum 
value V* can be found which will still further minimize (Vaq) yi, and 
increase the stability margin for a given supply voltage. Minimizing V qq 
with respect to V, in Eq. (12-15), we find that: 


MNI a\"? 
V*=0.271V adn = 1.50(——*) (12-20) 


Because of the uncertainty with which this critical pinch-off voltage can 
be precisely achieved and maintained, it is expedient to introduce a toler- 
ance factor in calculating the absolute minimum supply voltage (Vaq)* min- 
If V,, can be held to within +x per cent: 


1/2 
MN =ts) (12-21) 


Vaa)* = 5.54A(x)} (—* 


where A(x) is plotted in Fig. 12-21. 


$ 


A(x) 


i) 


-10 -05 O +05 +10 +15 +20 


-*x—o 


Figure 12-21. Value of coefficient A(x) 
in Eq. (12-21) as a function of the toler- 
ance x on V3. A(x) = 2/5.54(1 + x) 
Bd + V1+2 +x) +3 14-07] 


EXAMPLE: Design a compatible set of mixed-gate circuits in which the 
maximum values for M and WN are 5 and 4, respectively. Design for minimum 
supply voltage, allowing a 25% stability margin. Assume that the pinch-off 
voltage can be selected and held to within +50%. The worst-case transistor 
parameters are B = 1 X 1074 mhos/v and J/g, = 5 X 107% amp. 


SOLUTION: From Eq. (12-20), ’3 = 1.50 v. The maximum value for A(x) 
(Fig. 12-21) corresponds to x=—0.50 and is equal to 1.22. Equation 
(12-21) then indicates that (Vaq)*,, = 6.8 v. This must be increased by 25% 
to provide the required stability margin; thus Vag = 8.5 v. 

The optimum load resistance is found from Eq. (12-17) to be R* = 
6.6 X 10* ohms. This large load resistor will limit the circuit speed. How- 


ever, this design was directed toward low-voltage, low-power operation. 
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COMPLEMENTARY TRANSISTOR CIRCUITS. The dual complementary 
circuits of Fig. 12-11 must provide compatible NOR and NAND 
functions. Positive M-input NOR and N-input NAND logic is assumed. 
Each circuit must satisfy two stability criteria. When the p-channel 
units conduct (Fig. 12-11a), they must produce a sufficiently positive 
output voltage to hold off the p-channel transistors in a succeeding stage. 
Thus, Vg must be greater than Vgqg—Vpp. When the n-channel units 
conduct (Fig. 12-11b), they must produce a sufficiently small output 
voltage to hold off succeeding n-channel transistors, and V, must be less 
than V,,,. 

The most difficult circuit condition occurs when the series transistors 
conduct. They must present a sufficiently low resistance to the multiple 
leakage currents, MJ ay, or NI gy», of the parallel transistors to satisfy 
the preceding requirements. The circuits of Figs. 12-11a and b give rise 
to the dual requirements:t 


Maun S TV o( Vea Von — 3 Vn) (12-22) 

and 
Bo — _3 (12-23 
N I dup = NV pn V aa Vy 9) Von ) 


In these equations, the drain voltages have been set equal to their 
permissible-limit values. B,/M and £,/N are the effective field-effect 
conductance-to-voltage ratios of equivalent single transistors. 

To minimize power consumption, we select the minimum supply 
voltage that satisfies Eqs. (12-22) and (12-23). This requirement is 
conveniently stated by the equations rearranged in the form: 


Vaa > 3 7. Vn + > Vow (12-22a) 
p 
N?Lau 
Vaa = BV, 2+ Vigp + Vn (12-23a) 


If all transistor parameters are fixed, the more stringent of these require- 
ments determines the minimum voltage. 

An optimum design is possible if transistor pinch-off voltages can be 
selected or adjusted as in the MOS transistor with substrate bias. Parti- 
cular values for V,, and V,, can be found to minimize the right-hand 


+The restrictions Vgqg = 2Vn + Vpp and Vag = 2Vop + Von must be applied to Eqs. 
(12-22) and (12-23), respectively, to assure that conducting transistors statically are kept 
out of the current-saturation region of their drain characteristics. 
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sides of Eqs. (12—22a) and (12~23a). The absolute minimum for Vag 
occurs when both equations impose the same limit. While a simul- 
taneous solution is possible, it is unwieldy. It is more convenient to mini- 
mize Eq. (12-22a) with respect to V,,», and Eq. (12-23a) with respect to 
Von. The resulting optimum values for the pinch-off voltages are: 


21 1/2 
vx = o( ; oe) (12-24) 
p 
and 
214 1/2 
x — uD 
v= Np) 


A tolerance factor again should be introduced, specifying the accuracy 
with which the pinch-off voltages can be achieved and maintained. 
Thus, V,,=(1+x)V%, and V,,=(1+x)V%, . The minimum stable 
supply voltage is given by the more restrictive of the two equations:t 


(Vaa)* i, = 3B@WV op + 1 +x)V in (12-26) 
(Vaa)*,,= 3BQ)V in +(1+x)V op (12-27) 


where x can assume both positive and negative values; B(x) is plotted in 
Fig. 12-22. 


“lO -O5 O +05 +10 +15 +2.0 


— x—o 


Figure 12-22. Value of coefficient B(x) 
in Eqs. (12-26) and (12-27) as a function 
of the tolerance x on V#, and V#, 
Bo) =20+%)4+ 1/1 4+ x). 


tIn general, these restrictions will not be identical. The optimum pinch-off voltages are 
independent of each other. Hence, the pinch-off voltage which appears only linearly in the 
basic equation, Eq. (12-22a) or (12-23a), can be progressively decreased until a match 
occurs. 

A simpler method, leading to a slightly more conservative design, consists of merely 
accepting the larger value for (Vaq)fin from Eqs. (12-26) and (12-27). 

Equations (12-26) and (12-27) always are more restrictive than the conditions necessary 

to keep conducting transistors out of the current-saturation region. Hence, they always are 
applicable. 
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EXAMPLE: Design a compatible set of complementary gates to operate with 
the minimum supply voltage that will provide a 25% stability margin. Pro- 
vision is to be made for NOR-gate fan-ins M = 5 and NAND-gate fan-ins 
N=4. Assume that the pinch-off voltages can be set and held to within 
+ 50%. The worst-case transistor parameters are B, = 3.2 X 10-° mhos/v, 
Bn=1X10-* mhos/v, Iq,)=6X10%amp, and J gy, = 3 X 10-6 amp. 


SOLUTION: From Eqs. (12-24) and (12-25), V#, and V#, are found to be 
1.25 and 0.80, respectively. Figure 12-22 indicates that the maximum 
value for B(x) corresponds to x = — 0.5 and is equal to 1.25. The two values 
for Vaa)* , from Eqs. (12-26) and (12-27) are: 


(Vaa)*,. = 3(1.25)(1.25) + (1 — 0.5)(0.80) = 5.1 v 


miny 


Vaa)® ,, = 3(1-25)(0.80) + (1 = 0.5)(1.25) = 3.6 v 


A choice of (Vaa)%,, of 5.1 v is indicated. The stability-margin requirement 
raises the actual supply voltage to Vgq = 6.4 v. 


A considerably better match (in this case, an exact match) between the 
values for VX, and V;, can be obtained if we arrange the circuit so that 
the higher-gain n-channel transistors provide the limitation in the fan-in- 
of-five circuit, instead of the p-channel transistors. This arrangement 
amounts to reinterpreting the circuits in Fig. 12-11. Figure 12-lla 
becomes an M-input, negative-NAND gate, and Fig. 12-11b becomes 
an N-input, negative-NOR gate. The values for M and N become inter- 
changed. Pursuing a new design on this basis, we obtain a matched 
value for (Vqq) *,, Of 4.25 v, with V5 = Vii, = 1.0 v; Vag then equals 5.3 v. 

A convenient criterion for choosing between positive and negative 
logic, when M=WN and the transistors have different characteristics, 
is to use that logic which results in the best match between the initial 
optimum pinch-off voltages, V%, and V,%. 


12-4 TRANSIENT PERFORMANCE OF FIELD-EFFECT 
TRANSISTORS 


A simple circuit model (Fig. 12-23) can be used to calculate the transient 
response of field-effect-transistor switches. Circuit capacitance and the 
resistance through which it is charged and discharged constitute the pre- 
dominant limitation on switching speed. Charge transit time in the tran- 
sistor is negligible. The nonlinear resistance of the transistor prevents the 
problem from reducing to that of the calculation of simple RC transients. 
For the circuit model, the gate-to-channel capacitance is approximated 
as a lumped element, contributing both to the input capacitance, C;, 
and to the lumped feedback capacitance, C;. The input capacitance and 
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the output capacitance, C,, include the capacitances of the driving source 
and the driven load, respectively. Stray capacitances associated with the 
transistor package and circuit wiring contribute to all three capacitances. 

A general analysis of the response of the circuit of Fig. 12-23 to an 
arbitrary driving function is an ambitious undertaking. This chapter 


Figure 12-23. Circuit model for 
transient analysis. 


concentrates on transient calculations applicable to digital logic circuits, 
where the amplitude of the driving signal is equal to the output-signal 
swing. Tractable solutions are obtained by the utilization of step-voltage 
drives for both linear and nonlinear load elements. 


1. Transient analysis; step drive 


The use of a low-impedance drive eliminates the effect of C; and the 
degenerative effect of the feedback capacitance. However, C; does 
couple some of the drive signal to the output. In the following analysis, 
the effect of C; is first neglected and corrections are subsequently made. 
Two cases are considered: linear-resistor load and complementary- 
transistor load. 

The analysis requires the use of segmented load lines. To avoid 
solutions with many segments, it is convenient to approximate the 
transistor drain characteristic by a single parabolic arc over the required 
zero-to-V4, voltage range. Curve (A) in Fig. 12-24, which has the 
equation: 


BIVaa—VrVa—-3V a 1, O< Va <Vaa—V> 
[qg= B (12-28) 
5(Vaa —V,), Va=Vaa—Vo 


is approximated by curve (B): 


= 2 
a= a(4—™) (Val = wi ), 0<Va<Vaa (12-29) 
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All voltages will be normalized with respect to the supply voltage, 
Vag. Since the drain voltage is the only voltage variable, it is convenient 
to omit the subscript d. Equation (12-29) becomes: 


1g=BVi, A — vo)? (o— 30”), O<v <1 (12-29a) 
The error introduced into the analysis by the use of curve (B) to 


approximate curve (A) (Fig. 12-24), increases for increasing (normalized) 
threshold voltage, v,. An indication of the error can be obtained by 


Vv, 
Vad-Vp~ Vad q 


Figure 12-24. Approximation (B) to 
actually segmented drain character- 
istic (A). 


comparison of the areas under the curves for 0 < v < 1. The area is an 
integrated measure of the current available for discharging circuit capaci- 
tance, and it is related to switching speed. The difference in area under 
the two curves, expressed as a fraction of the area under curve (A), 
is equal to v,/(2 + v,). 

CIRCUIT WITH LINEAR-RESISTOR LOAD. Figure 12-25 illustrates the 
net current available both for discharging the circuit capacitance during 
“turn-on” of the transistor and for charging the capacitance during 
“turn-off.” 


1. “Turn-on”: The pertinent equation is: 


(12-30) 
ol Maa Ve... Vaa—Vn\ a 
= Pat — (8) (Veda 9h) 


with the boundary condition V,= Vg at t= 0. Normalizing Eq. (12-30) 
with respect to V,, and solving for normalized time r: 


v dv 
a de 12-31 
‘ ae ay Dla Ca 
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where: 


a = BR Vad 1 — vp)? (12-32) 


at _ BV ag =)", 


7 = ORC IC 


(12-33) 


Integrating and employing the identity for tanh (x + y), we find that: 


V 02+ 1—(a— 1) tanh [(Va? + 1/a)7] 
Vo2+ 1+ tanh [((Va? + 1/a)7] 


(12~34) 


This equation can be simplified if we note that the condition a > 1 
usually is satisfied. Then: 


_ a tanh + 
a+ tanh + 


a 


Von ~~ 


a> 1 (12-35) 


Figure 12-25. Current available for charging 
and discharging the circuit capacitance. 
(Resistor load.) 


2. “Turn-off”: The “turn-off” transient is a simple RC charging 
function with v = v, at t = 0. Hence: 


v=(v,— le#RC + 1 (12-36) 
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The value of the saturation voltage, v,, can most easily be determined if 
we let r — ~ in Eq. (12-35). Then: 


= (12-37) 


Inserting this into Eq. (12-36), and introducing the normalized time 
variable, 7, we obtain: 


Vorr = 1 — e Play (12-38) 


+a 


COMPLEMENTARY-TRANSISTOR CIRCUIT. The current available for 
charging and discharging circuit capacitance is illustrated in Fig. 12-26 
for a complementary-transistor inverter. Because voltage steps are 
assumed for the driving functions, only one transistor conducts current at 
any given time. During “turn-on,” the n-channel unit conducts and the 
p-channel unit is cut off. During ‘‘turn-off,”’ the reverse is true. Analysis 
of the complementary inverter reduces to a special case of the linear- 
resistor load, the case where the load resistance becomes infinitely large. 

1. “Turn-on”’: From Eq. (12-35), in the limit as R,; >, a also 
— , and the equation becomes: 


Von = 1—tanhr (12-39) 


2. “Turn-off”: Because of the symmetry of the complementary 
circuit, the “‘turn-off’’ transient has the same shape as the “turn-on” 
transient. “Turn-off” begins with a voltage of zero for the circuit of Fig. 
12-26. The transient solution is: 


V oe = tanh or (12-40) 
where: 
ess 2 
o Saari: see (12-41) 
n — Vpn 


The coefficient o accounts for the dependence of the “‘turn-off”’ transient 
on parameters of the /oad (p-channel) transistor. In effect, o renormalizes 
the time variable to these parameters. 


2. Corrections for the effect of feedback capacitance 


The preceding analysis neglected the effect of C, (Fig. 12-23). 
Because of the high-impedance level of field-effect transistor output 


SEC. 12-4 APPLICATIONS IN DIGITAL CIRCUITS 345 


circuits, C; can couple a significant fraction of the drive signal to the 
output. This produces an initial reverse-polarity transient and prolongs 
the total switching transient. Correction can readily be made for this 
effect. 


TURN-ON 
TURN-OFF 


Figure 12-26. Current available for charging and dis- 
charging the circuit capacitance. (Complementary 
circuit.) 


Figure 12-27 illustrates the reverse-polarity transient produced at the 
drain. The amplitude of the feed-through voltage, AV, depends on the 
relative size of the capacitance, C,, and the output capacitance, C,. 
The magnitude of AV can be calculated if we note that the instantaneous 
changes in charge of C; and C, must be equal, since the transistor and 
load element can conduct only finite currents and do not affect the 


Figure 12-27. Reverse-polarity transient signals 
produced by the feed-through capacitance. 
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momentary charge redistribution. Alternatively, AV may be viewed as a 
voltage step produced by a capacitive voltage divider. In either case, the 
result is: 


Vaa (12-42) 


when the input signal changes by +V,,. It is convenient to define 
f=C,/C,. Introducing f and normalizing with respect to Vga, we have: 


is 
Pant eee 12-43 
Av it} ( ) 


The duration of the feed-through transient now can be determined for 
each type of load. For each of the following solutions, the capacitance 
factor in the normalized-time parameter, 7 [Eq. (12-33)] consists of the 
parallel combination of C; and C,, i.e., 7 must be redefined as: 


T= BY eal — vy ve) (12-44) 
~ 2C,0 +f) 7 


CIRCUIT WITH LINEAR-RESISTOR LOAD. Figure 12-28 illustrates the 
current available for charging or discharging the circuit capacitance and 
allowing the drain voltage to recover to its initial value. Thereafter, the 
problem is identical to that of Fig. 12-25. 

1. “Turn-on’’: AV is positive. The transistor current is constant for 
Va = Vaa, and the transient is a simple exponential. Its equation in 
normalized form is: 


Ue oe omer: —(2la)t Ugn = 1 12-45 
a= 5+(4 5 ye ai ee 


and the time required to recover to Vqg= Vag, i.e., v= 1, is given by: 


_o af 
ra =n {1+ (12-46) 


2. “Turn-off”’: AV is negative. The equation for the entire “turn-off” 
transient is an extension of Eq. (12-38), where now the boundary condi- 
tions are v = v, — Avat t= 0. Thus: 


a as oe 
Vort = 1-(5 ae ere z)e Clay Vor & Vs — Av (12-47) 
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Figure 12-28. Current available for 
recovering from reverse-polarity feed- 
through transients. (Resistor load.) 


The duration of the feed-through transient 7, is found if we set 
Votg — Vs = 1/1 + a). Then: 


T; =$infis£(44)| (12-48) 


COMPLEMENTARY-TRANSISTOR CIRCUIT 

1. “Turn-on”’: Figure 12-29 indicates that a constant current dis- 
charges the capacitance. The feed-through transient has a linear decay 
represented by the equation: 


1 
Von [= eee T, Von = ] (12-49) 


= a (12-50) 


Figure 12-29. Current available for recovering 
from reverse-polarity feed-through transients. 
(Complementary circuit.) 
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2. “Turn-off’’: A constant current again is available and the “turn- 
off” equation has the same general form as Eq. (12-49). However, the 
time variable must be normalized to the parameters of the p-channel 
transistor. Then: 


Vott — ore Vor = O (12-51) 


The feed-through transient ends at v,4,;= 0, or: 


oe es 
ase wer (12-52) 


3. Summary: response to step-voltage drive 


The transient-response equations derived in the preceding sections 
are summarized in Table 12-1. Solutions of these equations for the 
0%-10% delay times and 10%-90% rise (fall) times are summarized 
in Table 12-2. 

Comparisons of measured and calculated transient responses for the 
two types of load elements are shown in Figs. 12-30 and 12-31. Circuit 
inductance, not accounted for in the calculated waveform, causes a 
rounding of the feed-through transient in the measured waveform. The 
calculated waveforms are slower than the measured ones, due to the non- 
segmented approximation used for the theoretical drain characteristics. 

It is of interest to note the dependence of switching time on transistor 
and circuit parameters. Although no straight-forward dependence can 
be cited for the “turn-on” of a resistor-loaded inverter, “turn-off” time 
is clearly proportional to a and, hence, to the R,C, time constant. 

The case is quite clear for the complementary circuit. Switching time 
is directly proportional to output capacitance, C,, and inversely pro- 
portional to supply voltage, V jq and transistor field-effect conductance- 
to-voltage ratio, 8B. The ratio B/C, is a large-signal analog to the small- 
signal gain-bandwidth, g,,/C and is inversely related to switching time. 
Switching time increases with increasing normalized pinch-off voltage, v,. 

In Section 12-5, it is shown that the power consumed by insulated- 
gate-transistor circuits is approximately proportional to V%,. Since 
switching speed (reciprocal of switching time) rises only linearly with 
Vaa, there is advantage in operating the circuits at moderately low supply 
voltages to maximize the switching speed per unit power dissipation. 

Transient signal feed-through is important only in response-time 
measurements, where step voltages with small rise time are used. In 
actual cascaded digital circuits, where the driving waveform has a rise 
time in the same range as that of the output response, feed-through 
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OUTPUT VOLTAGE 
(volts) 


OUTPUT VOLTAGE 
(volts ) 


-5 
(@) 10 20 30 40 50 60 TO 
TIME (nsec.) 
(b) 


Figure 12-30. Comparison of calculated (dashed- 
line) transient response with measured transient 
response (resistor load). (a) “Turn-off.” Vag = 10.5v, 
R,=1 kilohm, V,, = 3.2v, B, = 7.84 X 1074 mhos/v, 
C, = 17pf, C; = 6pf. (b) “Turn-on.”’ 


becomes insignificant. The signal feedback which occurs under cascaded- 
circuit conditions can become appreciable. Measurements indicate that 
the effect of the Miller feedback capacitance, C;, on the response time 
of cascaded stages can very closely be simulated by an additional capaci- 
tance of 3C; shunting the output capacitance of each stage and no feed- 
back capacitance. The coefficient 3 was obtained, within +20%, for 
inverters with linear-resistor, depletion-transistor, and complementary- 
transistor loads. 


4. Transient analysis; non-ideal drive 


Analysis of the transient response of field-effect transistor switches 
to drive-waveforms which are functions of time leads to nonlinear 
differential equations. Solutions to problems of this type are best carried 
out graphically or with the aid of a computer. 

Burns‘ has used a digital computer to analyze one class of particular 
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interest. He studied the case of cascaded complementary-transistor 
inverters. Transient waveforms at the drains of six successive inverter 
Stages were found for various combinations of pinch-off voltages and 
transistor 8 for n-channel and p-channel transistors. For each solution 
all n-type units were assigned the same characteristics, as were all p-type 


OUTPUT VOLTAGE 
(volts) 


Oo 10 20 30 40 50 60 70 


(a) 


OUTPUT VOLTAGE 
(volts) 


0 10 20 30 40 50 60 £470 
TIME (nsec.) 
(b) 


Figure 12-31. Comparison of calculated (dashed- 
line) transient response with measured transient 
response. (Complementary circuit.) (a) ‘““Turn-on.” 
(b) “Turn-off.”” Vag = 10.5V, Von = 3.2V, Voy = 2.8v, 
Bn = 7.84X107* mhos/v, 8B, = 6.72 X10? mhos/v, 
C, = 24pf, C; = 7pf. 


units. The six inverter stages proved more than adequate for converting 
the step voltage applied to the first stage to a standardized signal, i.e., 
the signal waveform which propagates unchanged in shape through each 
pair of stages of a chain. In all cases, Burns found that the waveform 
became standardized after three stages. He also found that the pair delay 
(the time delay between corresponding points of alternate-stage wave- 
forms) was the same for rising and falling output transients. A convenient 
empirical expression for this pair delay was found to be: 


14 0.9 (1 + *) (12-53) 


CO, 
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where 7, is normalized to the transistor and circuit parameters accord- 
ing to Eq. (12-53), and o@ is defined in Eq. (12-41). Equation (12-53) 
was found to be useful for vpn, Upp < 0.5, and B,/B, > 0.2. 

Useful approximations to the 10%-90% rise and fall times were 
expressed as functions of the response of the circuit to a step drive. 
These equations are: 


T 
T, = (Ty)step +0.35 (ue (12-54) 
r/step 
and 
T, =(T)step + 0.35 asian (12-55) 
(T; step 


where T,. and 7; are the unnormalized rise and fall times, respectively. 
Computations of these times can be made with the aid of Table 12-2. 

Plots of transient waveforms and of the dependence of 7,, T,, and T; 
on the transistor parameters are given by Burns.* 


12-5 POWER DISSIPATION 


Three effects contribute to the power dissipated in field-effect transistor 
switching circuits. They are: (1) the transient losses which accompany 
each charging or discharging of the circuit capacitance; (2) the constant 
dissipation associated with the current drawn by a switch in the “on” 
state, and (3) the constant dissipation produced by leakage currents. 
Slow-rise-time driving voltages produce transient currents which give 
rise to additional losses. It will be assumed that the critical range of the 
applied pulse is traversed quickly, so that negligibly short transients 
occur. The two types of load element, the linear resistor and the comple- 
mentary-transistor load, again are considered. 


1. Circuits with linear-resistor load 


During the “turn-off” transient, as the voltage across the circuit 
capacitance increases from its initial value, V,, to the supply-voltage, 
Vaa, an energy, E=3C(Viqg—V,)* is supplied to the capacitance. An 
equal energy is dissipated in the resistance of the charging circuit, 
independent of the linearity of this resistance. Thus, in Fig. 12—32a, the 
energy: 


(1 —0,)?V3, (12-56) 
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is dissipated. The normalized initial voltage, v,, is the saturation voltage 
of the switch (Fig. 12-25). In Eq. (12-37), this voltage was shown to be 
approximately equal to 1/(1 +a), where a is defined in Eq. (12-32). 
Thus, Eq. (12-56) may be approximated as: 


C (aV 43% 
Ex (se) (12-57) 


During “turn-on” of the switch (Fig. 12-32b), the incremental energy 
which has been stored in the capacitance during the “‘turn-off’’ transient 


Vdd Vdd 
Rp RL 
Ter | 
Vite Vad “Kc Rg 


(a) (b) 


Figure 12-32. Equivalent circuits for 
calculating power dissipation. (a) Circuit 
capacitance charged to V, prior to “turn- 
off.”” (b) Circuit capacitance charged to 
Vag prior to “turn-on.” 


is dissipated. This energy also is given by Eq. (12-57). Thus, a transient 
energy, 2E, is dissipated during each complete switching cycle. If 
switching cycles occur at a repetition frequency F’,, the average transient 
power dissipation is given by: 


2 
Prrans = CF (=F) (12-58) 


In addition to the capacitive discharge current, a current simultan- 
eously flows through R, and the transistor. Because the transistor resis- 
tance, Rg, is not linear, superposition is not valid. Its application, how- 
ever, results in an adequate approximation. Thus, a steady-state power 


Vaa 


Ps Ri TRa 


(12-59) 
is dissipated during the conduction portion of the switching cycle. Using 
the approximation for v,, Rg can be shown to equal R,/a. Equation 


(12-59) becomes: 
vila ) 
et (12-60) 
at+1 R, 
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Finally, if the switch conducts during a fraction, 0, of each cycle, and the 
transistor has leakage current Jz, the total power dissipation is given by: 


V 2 
P=CF (=) +e(ey) Va + M1 WW aa (12-61) 


The factors M and N have been introduced to account for multiple- 
transistor circuits. One of them normally would be set equal to unity, 
depending on the type of logic gate under analysis. 


2. Complementary-transistor circuits 


The steady-state term drops out of the dissipation equation for the 
complementary circuit since only leakage currents flow during steady 
state. In addition, the transient term is simplified because the saturation- 
voltage drop across a conducting transistor is zero. The resulting dissipa- 
tion equation for a NOR circuit (Fig. 12-1 1a) is: 


P= CFV ia + [6.1 aup ae qd > 6)M aun] Vaa (12-62) 


The duty factor, 0,,, is the fraction of the cycle during which the n-channel 
transistors conduct. A similar equation can be written for a NAND 
circuit. 


3. Effect of non-ideal drives 


Complementary circuits in which v,, and v,, both are greater than 
0.5 can never conduct resistive currents, since each type transistor is 
cut off when the other type conducts. Appreciable currents can flow in 
transistors with normalized pinch-off voltages of less than 0.5. In tran- 
sistors of this type, drive waveforms with slow voltage transitions can 
introduce significant transient resistive currents. The adequacy of Eq. 
(12-62), which does not account for this effect, becomes questionable 
when finite-rise-time drives are considered. 

Burns‘ has investigated this question. In his computer analysis of 
cascaded complementary inverters, he found no combination of values for 
Vpn and v,, which caused deviation from a linear power-frequency relation- 
ship by more than 11%. Similar data for linear-resistor loads Eq. (12-61) 
are not available. 


12-6 INTEGRATED DIGITAL CIRCUITS 


Several significant properties of insulated-gate field-effect transistors 
commend them for use in integrated digital circuits. Their structural 
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simplicity and the fewer processing steps required for their fabrication 
lead to high on-wafer yields, a primary requirement of integrated devices. 
Their electrical characteristics permit the direct coupling of digital stages. 
This eliminates the need for a secondary processing technology to pro- 
duce coupling elements. Finally, the low-dissipation complementary- 
symmetry circuit enables complete digital networks to be fabricated of 
only transistors and connecting leads. As with bipolar integrated circuits, 
the leads can be applied as part of the vacuum deposition and photo- 
lithographic process used to make the transistors. 
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Figure 12-33. (a) Typical digital circuit. (b) Possible 
intraconnection pattern using ladder-like array of 
transistors. 


One example of an integrated digital structure based on the thin-film 
transistor is the scanning generator described in Chapter 9. While 
direct coupling was not employed for this application, direct-coupled 
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MOS transistors have been investigated under an approach which has 
been called integrated logic nets.® The thesis of this approach is that 
digital subsystems can be realized economically as arrays of identical 
switching elements with superimposed connections fabricated en masse. 
The ladder-like array of MOS transistors described in Figs. 8-2 and 8-4 
was developed as part of this integrated-circuit concept. Because 
the transistors in this type of array are completely symmetrical, each 
diffused region can serve as either source or drain. Many of the series- 
circuit connections required-to implement a digital function are inher- 
ently present. Sections of such a transistor ladder are isolated by ground- 
ing a source-drain or gate electrode. The circuit in Fig. 12-33a, for 
example, can be realized by the connection pattern in Fig. 12-33b. 

Although circuit intraconnections (connections between transistors 
on the same substrate) can readily be evaporated onto an array, means 
also must be available for interconnecting substrates to one another 
and to nonintegrated parts of a system. A technique to connect terminals 
on a semiconductor wafer to lands on a ceramic board is illustrated in 


TEMPORARY BRIDGE 
CERAMIC Beano: we WAFER 


KO 


EVAPORATED RIBBON LEAD 


Figure 12-34. A method for fabricating terminal inter- 
connections. 


Fig. 12-34. This technique utilizes a temporary bridge as a base for 
evaporating a ribbon lead. Dissolution of the bridge then leaves the 
ribbon free to flex and follow thermal expansions and contractions. 
This bridging technique has been employed in the fabrication of the 
16-transistor logic-block illustrated in Fig. 12-35. 
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Figure 12-35. 16-transistor logic block. (a) Circuit schematic diagram. (b) Array of MOS 
transistors with superimposed wiring pattern, thus forming a group of logic blocks. (c) Single 
logic block packaged in 4in. x 4in. x #yin. ceramic container. 
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Heil, O., 1 

Pattern delineation, 222 

Phonograph amplifier, 284 

Pinch-off voltage, 206, 229 

Pinholes, 208 

Power dissipation, 156, 353 


Quartz, 94 


Radiation, equivalent factors, 177 
Radiation, tolerance of: 
field-effect and bipolar transistors, 181 
gallium arsenide transistors, 184 
insulated-gate transistors, 184 
thin-film transistor, 185 
Redundancy, 14 
Remote cutoff, 12 
Resistor, voltage variable, 286 
Resistance: 
parasitic, 148 
source, 148, 207, 257 


Saturation: 
of drain current, 118, 123, 230 
resistance, 135, 256 
Scan generator, 242 
Schottky equation, 62 
Self-diffusion, 102 
Semiconductor film for thin-film transis- 
tors, 220 
Series source resistance, 207 
Shift register, 242, 322 
Shot noise, 161 
Silicon thin-film transistor, 247 
Source follower, 269 
Source region, 117 
Source resistance, 148, 207, 257 
Space-charge-limited current, 68 
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Space charge in metal, 74 
Square-law behavior, 119 
Square-root mobility, 120 
Stability of characteristics, 210, 239 
Staggered structure of thin-film transis- 
tors, 218 
Structure: 
of oxide, 94 
of vitreous SiO,, 95 
Substrate: 
bias, 150, 204, 258, 264 
resistivity, 150, 202 
diodes, 257 
Surface: 
barrier, 22 
conductance, 29, 42 
excesses, 29 
field, 24 
inversion layer, 45 
potential, 21 
scattering, 144 
scattering mobility, 53, 144 
space charge, 23 
Surface states: 
capacitance, 33 
experimental observation, 47 
frequency response, 35 
occupation of, 32 
Surfaces, definition of different types, 18 
Switching speed, 7, 227, 340 


Tamm states, 18 
Temperature effects (see Thermal), 152, 
259 

Tetrode, 15 
Thermal noise, 160 
Thermal oxidation: 

in pure oxygen, 85 

in the presence of water vapor, 87 
Thermal runaway, 11, 155 
Thermal stability, 10 
Thermal velocity, 120 
Thin-film transistor: 

fabrication, 219 

structures, 217 

radiation tolerance, 185 
Transconductance, 119 
Transient analysis, 341 
Transient response, 340, 348 
Transistor parameter B, 165, 314 
Transistor parameters, 259, 294 
Transit time, 119, 188 
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Transport phenomena in oxide, 101 
Trap response time, 34 

Tridymite, 94 

Tunneling, 43, 63 


UHF circuit design, 303 


Vacuum level, 59 


Voltage: 
amplification (gain), 135, 269, 271 
transfer curve, 324 
variable resistor, 286 

Vitreous SiO,, 95 


Yield considerations, 208 
Y-parameters, 292 
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transistor technology; typical admittances 
as a function of frequency; and circuit 
design formulas. 


A chronological bibliography is included 
at the end of the book. A section of this 
bibliography is devoted to the patent lit- 
erature of field-effect transistors. This 
unusual feature will be valuable to re- 
search-and-development groups, and to 
those interested in tracing the history of 
the device. 


The Contributors 


Schuyler M. Christian. David M. Gris- 
wold. Fred P. Heiman.. Steven R. Hof- 
stein. Harwick Johnson. Paul E. Kolk. 
Dietrich Meyerhofer. A. Karl Rapp. Akos 
G. Revesz. Albert Rose. J. Torkel Wall- 
mark. Paul K. Weimer. Karl H. Zain- 
inger. , 


The Editors 


J. ToRKEL WALLMaRK received his doc- 
torate in electrical Engineering from the 
Royal Institute of Technology, Stock- 
holm, Sweden. At present he is Professor 
of Solid State Electron Physics at Chal- 
mers University, Gothenburg, Sweden. 
Dr. Wallmark, a fellow of the IEEE, is 
co-author of Microelectronics (1963). 


HaRWICK JOHNSON received his B.S. from 
Michigan College of Mining and Tech- 
nology and his Ph.D. from the Univer- 
sity of Wisconsin. He is Associate Di- 
rector, Electronic Research Laboratory, 
RCA Laboratories; he is also a fellow 
of the IEEE. 


PRENTICE-HALL, Inc. 
Englewood Cliffs, New Jersey 


1068 © Printed in U.S. of America - 


—————— 


“ S 
st 
‘ 


Other recommended books of interest... . 


SEMICONDUCTOR CONTROLLED RECTIFIERS: 
Principles and Applications of p-n-p-n Devices 


by F. E. GENTRY and F. W. GUTZWILLER, General Electric Company, 
NICK HOLONYAK, JR., University of Illinois, and 
E. E. VON ZASTROW, General Electric Company 


This book is devoted in its entirety and in depth to the broad field of p-n-p-n semi- 
conductor devices, their theory and their application. Devices covered in this 
family include SCR’s, light activated switches, gate turn-off switches and diode 
and triode a-c switches. Included also is an explanation of the construction and 
theory of bilateral triode switches; design charts showing constants of major phase 
control circuits; detailed discussion and equations on important dynamic char- 
acteristics of p-n-p-n devices. 


Published 1964 400 pages 


ULTRAHIGH VACUUM AND ITS APPLICATIONS 


by RICHARD W. ROBERTS and THOMAS A. VANDERSLICE, 
both of the General Electric Company 


The book is devoted to ultrahigh vacuum discussing. components, theories of 
operation, assembly and use, and the nature of the materials of construction 
necessary for work in this field. Basic methods for producing and measuring very 
low pressures are explained, with the emphasis on the inherent simplicity of these 
methods and techniques stressed. The impact of ultrahigh vacuum on problems in 
physics, chemistry, and technology is vividly shown by discussions of surface 
physics, thin films, catalysis, boundary lubrication, and space simulation. 


Published 1963 199 pages 


SYNTHESIS OF FILTERS 


by JOSE LUIS HERRERO, Senior Associate Scientist, Santa Rita Technology, 
Inc., and GIDEON WILLONER, Project Leader, Lenkurt Electric Company 
of Canada, Ltd. 


Synthesis of Filters is concerned with filters which are specified for attenuation 
response only and whose physical realization is the ladder network. 


The book begins with a short review of positive-real functions and realization 
concepts, and then proceeds to a concise summary of the analysis and synthesis 
of ladder networks. New techniques are introduced by handling the network pa- 
rameters through a symbolic algorithm—the cumulant. For the synthesis a basic 
and simple routine has been developed, preserving throughout a direct relation- 
ship between properties and configuration of the network. A uniform concept is 
therefore evolved and is adaptable for all types of ladder filters. The insertion loss 
theory and practical design of the Butterworth, Chebyshev, Cauer, and General 
Parameter filters are discussed. 


Published 1966 176 pages 
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